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On the Identity of Lottia strigatella (Carpenter, 1864) 

(Patellogastropoda: Lottiidae) 

W. BRIAN SIMISON! and DAVID R. LINDBERG 

Department of Integrative Biology and Museum of Paleontology, University of California, 

Berkeley, California 94720-4780, USA 

Abstract. _Nomenclatural confusion has surrounded the northeastern Pacific lottiid currently referred to by the specific 

names strigatella or paradigitalis for 135 years. Much of this confusion has resulted because of the supposed range of 

this nominal taxon (Gulf of California to the Gulf of Alaska), its morphological variation within this range, and its overt 

similarity to several earlier named taxa. Here we examine the relatedness and distribution of these taxa from localities 

between Guaymas, Mexico, and the Aleutian Islands, Alaska. Relatedness is established by a maximum parsimony 

analysis of partial 16S mtDNA genes and distance analyses of cytochrome c oxidase I and 16S. The results of these 

analyses provide unequivocal evidence of the distinctness of Lofttia strigatella (Carpenter, 1864), Lottia paradigitalis 

(Fritchman, 1960), and the presence of a third previously unrecognized taxon, Lottia argrantesta Simison & Lindberg, 

sp. nov. The taxa L. strigatella, L. paradigitalis, and L. argrantesta are not members of a species complex, but rather 

members of three distinct subclades within the northeastern Pacific Lottiidae. Additionally, molecular data from Lottia 

borealis (Lindberg, 1982) revealed that this Alaskan taxon should be synonymized with L. paradigitalis. Lottia strigatella 

and Lottia paradigitalis show characteristic Californian distributions with apparent range end points in the vicinity of 

Point Conception, California. These data and the evolutionary history they reveal provide a compelling demonstration 

of the levels of morphological variation present in the Patellogastropoda. 

INTRODUCTION 

Nomenclatural confusion has surrounded the northeastern 

Pacific lottiid currently referred to by the specific name 

strigatella or paradigitalis for 135 years. Much of this 

confusion has resulted because of the apparent extensive 

range of this nominal taxon (Gulf of California to the 

Gulf of Alaska), its morphological variation within this 

range, and its overt similarity to several other earlier 

known taxa. Understanding the extent of its distribution 

in the northern portion of this range was further compli- 

cated by the presence in Alaska of the morphologically 

similar Lottia borealis Lindberg, 1982. 

The tortured nomenclatural history began with the pro- 

posal of two similar specific names for a single nominal 

taxon—strigillata for the California population and stri- 

gatella for the Gulf of California population by P. P. Car- 

penter in the 1860s. Palmer (1958) and McLean (1966) 

gave detailed discussions of the subsequent nomenclatur- 

al confusion. 

In summary, Carpenter (1864a) proposed Acmaea stri- 

gatella for a limpet from Cabo San Lucas, Baja California 

' Corresponding author: W. Brian Simison, Museum of Pale- 

ontology, University of California, Berkeley, California 94720; 

Ph: 510-642-3926; Fax: 510-642-1822; e-mail: simey @socrates. 

Berkeley.Edu 

Sur, Mexico. In a second paper (Carpenter, 1864b) this 

specific name was erroneously spelled strigillata. Car- 

penter (1866:334) proposed Acmaea patina Var. b. stri- 

gillata for a second nominal taxon from the Vancouver- 

Californian provinces. He compared it to small specimens 

of Lottia pelta (Rathke, 1833), and remarked on the dif- 

ficulty in distinguishing it from ‘“‘the A. strigatella of 

Cape St. Lucas.’’ Burch (1946) erroneously referred to 

the northern species as Acmaea persona strigillata, noting 

the similarity between it and small specimens of Lottia 

persona (Rathke, 1833). Smith & Gordon (1948) and Ab- 

bott (1974) followed Burch. Grant (1933) placed A. per- 

sona strigillata in synonymy with Lottia digitalis (Rath- 

ke, 1833), but illustrated specimens of Burch’s A. persona 

strigillata as “‘Acmaea persona.”’ Four years later, Grant 

(1937) illustrated the same shells as supposed hybrids be- 

tween L. digitalis and L. pelta, but the name A. persona 

strigillata remained in synonymy with L. digitalis. It is 

interesting to note that Grant, who originally suggested 

that this taxon was a hybrid, never discussed this decision 

in any of her texts. The hybrid designation only appeared 

in figure captions without further comment (see also 

Light, 1941; Smith et al., 1954). 

The name Acmaea paradigitalis was proposed by 

Fritchman (1960) after a study of the radular basal plate 

morphology of L. digitalis, L. pelta, and the supposed 
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Pacific Ocean 

Lottia paradigitalis 

Lottia strigatella 

Lottia argrantesta 
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Figure 1. Sketch map of a section of temperate North America showing expected distributions of Lottia paradigitalis, Lottia strigatella, 
Lottia argrantesta Simison & Lindberg, sp. nov. respective type localities of nominal taxa (symbols in column 5, Table 1), and localities 

of molecular samples (reference numbers in column 5, Table 1). Expected distributions of haplotype groups are based on associated 

shell morphologies. 

hybrid. McLean (1966) synonymized L. paradigitalis 

with the Panamic species L. strigatella based on the sim- 

ilar shell characters of the two taxa. The similarities had 

been noticed first by Carpenter (1866) but were subse- 

quently ignored by most workers. McLean’s treatment 

was followed by later workers including Seapy & Hoppe 

(1973), Carlton & Roth (1975), Christiaens (1975), and 

Morris et al. (1980). This nomenclature remained rela- 

tively stable until Lindberg (1981:75) revived the use of 

the specific name paradigitalis for northern California 

specimens of L. strigatella based on radular differences 

that distinguished the northern and southern California 

taxa from one another. 

The advent of molecular techniques provides new data 

to examine levels of relatedness and to determine the dis- 

tributions of populations and species-rank taxa. The stri- 

gatella/paradigitalis question is an ideal problem for such 

study. The debate has been ongoing for 135 years, and 

character analysis of morphological characters as well as 

ecological studies have provided conflicting answers to 

the distinctness and distributions of these nominal spe- 

cies. Clearly, a new data set is needed to address these 

questions. 

Here we examine the phylogeny and distribution of the 

lottiid taxa formerly known as strigatella, paradigitalis, and 

borealis from localities between Guaymas, Mexico, Bodega 

Bay, California, and the Aleutian Islands, Alaska. Phylogeny 

was established by maximum parsimony analysis of a partial 

sequence of the mitochondrial large ribosomal subunit (16S) 

(Simison, 2000). After delimiting these taxa with molecular 

characters, shell and radular characters were examined to 

determine the range of morphological variation within each 

taxon. These morphological characters were then used to 

identify and delimit the regional occurrences of the taxa and 

associate existing type specimens with specimens from 

known haplotype groups. 
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Table | 

Specimens and localities examined in the course of this study. Symbols and numbers refer to type and additional sampling 

localities, respectively. Shell and radula numbers refer to illustrated specimens and checkmarks to recovered molecular 

sequences. Genbank accession numbers: L. argrantesta COI = AF295537, 16S = AF295540. L. paradigitalis COI = 

AF295538, 16S = AF295541. L. strigatella COI = AF295539, 16S = AF295542. 

Tables Figure Rad- 

Specimen no. Taxon Locality 2&3 | Shell — ula COI 16S 

UCMP No. 157003 Lottia argrantesta Califin, La Paz, BCS, Mexico ] 1 17 23 ff JV 

UCMP No. 157008 Lottia argrantesta Bahia de San Francisquito, BCS, Mexico 2 LX 18 24 “ff “lf 

UCMP No. 157005 Lottia argrantesta Tecolate, La Paz, BCS, Mexico 3 1 “if Hf 

UCMP No. 157006 Lottia argrantesta Tecolate, La Paz, BCS, Mexico 4 1 19 J V 

UCMP No. 157007  Lottia argrantesta Bahia de San Francisquito, BCS, Mexico 5 A 16 25 J “if 

UCMP No. 157036 Lottia paradigitalis | Attu, Aleutian Is., Alaska, U.S.A. 6 0) yf. 

UCMP No. 157037 Lottia paradigitalis Attu, Aleutian Is., Alaska, U.S.A. if © J 

UCMP No. 157038 _ Lottia paradigitalis Attu, Aleutian Is., Alaska, U.S.A. 8 e) J 

UCMP No. 157039 Lottia paradigitalis Attu, Aleutian Is., Alaska, U.S.A. 9 0) u/ 

UCMP No. 157040 Lottia paradigitalis | Attu, Aleutian Is., Alaska, U.S.A. 10 © off 

UCMP No. 157041 Lottia paradigitalis Attu, Aleutian Is., Alaska, U.S.A. 1] o of 

UCMP No. 157042 Lottia paradigitalis Attu, Aleutian Is., Alaska, U.S.A. 12 o “ff 

UCMP No. 157043 Lottia paradigitalis | Amchitka, Aleutian Is., Alaska, U.S.A. 13 5 Wf 

UCMP No. 157044 Lottia paradigitalis | Adak, Aleutian Is., Alaska, U.S.A. 14 6 v/, 

UCMP No. 157045 Lottia paradigitalis | Adak, Aleutian Is., Alaska, U.S.A. 15 6 V 

UCMP No. 157046 Lottia paradigitalis Adak, Aleutian Is., Alaska, U.S.A. 16 6 Hf 

UCMP No. 157047 Lottia paradigitalis | San Francisco Bay, CA, U.S.A. 17 Oo / 

UCMP No. 157020 Lottia paradigitalis | San Francisco Bay, CA, U.S.A. 18 6 26 of if 

UCMP No. 157023 Lottia paradigitalis | Bodega Bay, CA, U.S.A. 19 4 of 

UCMP No. 157019  Lottia paradigitalis San Francisco Bay, CA, U.S.A. 20 8 28 “lf wif 

UCMP No. 157018 Lottia paradigitalis | San Francisco Bay, CA, U.S.A. 21 7 PLY y. yy 

UCMP No. 157021 Lottia paradigitalis | Bodega Bay, CA, U.S.A. 22 4 5 JV 

UCMP No. 157022 Lottia paradigitalis | Bodega Bay, CA, U.S.A. DS) 4 3 aff 

UCMP No. 157001 Lottia strigatella Guaymas, Sonora, Mexico 24 O 12 J i; 

UCMP No. 157009 Lottia strigatella Sta Maria, Cabo San Lucas, BCS, Mexico 25 2 i) JV 

UCMP No. 157002 Lottia strigatella Guaymas, Sonora, Mexico 26 O 15 H/ V 

UCMP No. 157010 Lottia strigatella Cabo San Lucas, BCS, Mexico DF, 2 21 e/ 

UCMP No. 157014 _  Lottia strigatella Chileno, Cabo San Lucas, BCS, Mexico 28 2 2 #f ni 

UCMP No. 157004  Lottia strigatella Califin, La Paz, BCS, Mexico 29 1 J vf 

UCMP No. 157017 Lottia strigatella Bahia Tortugas, BCN, Mexico 30 3 JV sf 

UCMP No. 157015 Lottia strigatella Bahia Tortugas, BCN, Mexico 31 3 14 wif 

UCMP No. 157016 Lottia strigatella Bahia Tortugas, BCN, Mexico 32 3 J J 

UCMP No. 157011 = Lottia strigatella Cabo San Lucas, BCS, Mexico Na 2 9 

UCMP No. 157012 Lottia strigatella Cabo San Lucas, BCS, Mexico Na D 11 

UCMP No. 157013 Lottia strigatella Cabo San Lucas, BCS, Mexico Na 2 13 

MATERIALS AnD METHODS 

In the course of this study we examined the morpholog 

of over 1500 putative specimens of Lottia strigatella, Lot- 

tia paradigitalis, and Lottia borealis from the Gulf of 

Alaska to the Gulf of California, Mexico. In addition, 

nearly 100 specimens from 10 arbitrary localities between 

Guaymas in the Gulf of California, Mexico and Alaska, 

California were collected for molecular sequencing (Fig- 

ure 1). Specimens collected for sequencing were biased 

to represent as much morphological variation as possible 

from each locality. All specimens were labeled with a 

locality-based code and preserved in 70% ethanol 

(ETOH). 

In the laboratory the coded specimens were sorted into 

morphologically similar groupings irrespective of locality, 

and several specimens were then randomly chosen from 

each group for sequencing. This approach increases the pos- 

sibility that all phenotypes present in a taxon will be sam- 

pled as well as providing multiple sequences for similar 

individuals in each “lot.” After reconstituting the groupings 

by locality it was discovered that 32 specimens from 13 

localities had been selected for sequencing (Table 1). 

Institutional abbreviations used herein are as follows: 

LACM—Malacology Section, Natural History Museum 

of Los Angeles County, Los Angeles, California; 

UCMP—Museum of Paleontology, University of Califor- 
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nia, Berkeley, California; and USNM—Division of Mol- 

lusks, U.S. National Museum of Natural History, Wash- 

ington, D.C. 

Molecular Sequence Data 

Cytochrome c oxidase I (COI) and 16S mtDNA genes 

were partially sequenced and compared among 15 and 32 

individuals, respectively, from 13 localities (Table 1). 

COI and 16S were chosen for this study based on their 

interspecific and intraspecific levels of variation found 

among sequences of eastern Pacific patellogastropods 

(Simison, 2000). 

Extraction. Two equally successful DNA isolation pro- 

tocols were used: (1) saturated salt/chloroform extraction, 

and (2) CTAB/phenolchloroform extraction. For each ex- 

traction, pedal tissue was cut from the foot margin approx- 

imately 3—5 mm along the margin and 3—5 mm toward the 

center of the foot. The tissue was soaked in deionized water 

to remove any residual ETOH and finely diced to bits. For 

the saturated salt technique, the diced tissue was digested in 

a 1.5 ml tube containing 250 wL isolation buffer (100 mM 

TRIS, 10 mM EDTA and 400 mM NACL), 60 pl 10% 

SDS, and 10 wL proteinase K. The mixture was then vor- 

texed and stored on a shaker at 37°C overnight. Following 

tissue digestion, 175 wL of saturated NaCl solution was add- 

ed. The samples were inverted for 5 minutes and centrifuged 

at 13 k rpm for 30 minutes. The supernatant was washed 

with chloroform using 2 times supernatant volume and 

mixed by inversion for 2 minutes. The supernatant DNA 

was precipitated using two volumes of ice cold 100% 

ETOH, centrifuged at 13 k rpm for 15 minutes and dis- 

carded, the remaining pellet was washed twice with two 

volumes of 70% ETOH. The 70% ETOH wash was dis- 

carded and the pellet dried for five minutes in a speed vac. 

The DNA was eluted in 50 pL of double-distilled water and 

stored at —20°C. 

For the CTAB technique, diced tissue was digested in a 

1.5 mL tube containing 600 ~»L 2XCTAB and 9 pL of 

proteinase k then incubated at 37°C overnight. 600 pl of 

phenol: chloroform: isoamyl alcohol (25:24:1) was added to 

the tissue mixture and mixed via inversion for 5 minutes. 

The solution was then centrifuged at 13 k rpm for 15 min- 

utes. The supernatant was added to 600 wL of chloroform: 

isoamyl alcohol (24:1), mixed for 5 minutes and centrifuged 

at 13 k rpm for 15 minutes. DNA was precipitated using 

600 L isopropanol and stored at —20°C for 2 hours. The 

precipitate was centrifuged at 13 k rpm for 30 minutes at 

4°C. The supernatant was discarded and the pellet washed 

twice with two volumes of 70% ETOH and centrifuged at 

13 k rpm for 20 minutes. The ETOH was discarded and the 

pellet dried by speed vac for 5 minutes and eluted in 100 

wL of deionized water. 

Amplification. Amplification of a 700+ bp coding region 

of COI was achieved with the HCO-2193 and LCO-1490 

primers described by Folmer et al. (1994). For the 16S 
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mtDNA region, a 680+ bp fragment was amplified using 

the 16Sar and 16Sbr primers described by (Palumbi, 1996; 

Kocher et al., 1989). In a 0.5 mL gene amp tube, on ice, 

36.45 wL double-distilled water, 5 pl 10 PCR buffer (Per- 

kin Elmer), 2.5 yl 102M dNTP’s (Pharmacia), 2.5 L 25 

uM MegCl2 (Perkin Elmer), 1 pL each of the 10 2M prim- 

ers, 1 wL of template, and 0.25 wL of taq (Perkin Elmer) 

were combined. A negative control containing all reagents 

except the template was run in parallel. The tube was then 

transferred to a Perkin Elmer 9600 geneamp. The cycling 

parameters began with an initial denaturation at 95°C for 2 

minutes followed by 36 cycles with three temperature pla- 

teaus of 95°C for 50 seconds, 45°C for 50 seconds, and 72°C 

for 90 seconds, ending with a 7 minute extension at 72°C. 

PCR products were purified using Wizard® PCR preps DNA 

Purification System. 

Cycle Sequencing. Direct double-stranded cycle se- 

quencing of 20 to 30 ng of PCR product was performed 

in both directions using the aforementioned primers and 

the ABI® cycle sequencing kit following a half reaction 

ABI® cycle sequencing protocol. Cycle sequencing was 

performed using a Perkin Elmer 9600 geneamp. The cy- 

cling parameters were 25 cycles at 96°C for 10 seconds, 

50°C for 5 seconds, and 60°C for 4 minutes. Cycle se- 

quencing product was purified using Princeton Separa- 

tions Centrisep spin columns, then dried in a speed vac. 

The dried, purified cycle sequencing product was resus- 

pended in 2.5 wl loading solution of 5:1 deionized form- 

amide: 25 mm MEDTA with 50 mg/ml Blue Dextran. 1.5 

pl of sample and loading solution was loaded on a 36 cm 

4% acrylaminde gel. The gel was run and analyzed on 

an ABI Prism® 377 DNA sequencer. 

Alignment & Analysis. The 16S and COI sequences 

were aligned by hand using the PAUP 4.0b3a text editor. 

An uncorrected P value, pairwise comparison of the 16S 

and COI partitions was calculated (Tables 2 and 3). We 

used the 16S northeast Pacific lottiid dataset generated by 

Simison (2000) to compare the phylogenetic relationship 

of the members within the nominal strigatella-paradigi- 

talis ““complex.”’ This dataset was chosen because it in- 

cludes a representative of each of the nominal taxa under 

study here. COI data was not included in Simison’s 

(2000) phylogenetic analysis because of poor sample size. 

Morphology 

Digital images of the ventral, dorsal, and profile views 

of 18 shells were captured with a digital camera con- 

nected to a Scion LG-3 Scientific Frame Grabber system. 

In addition, an anterior portion of the radular ribbon from 

nine specimens (Table |) was dissected from the head 

region posterior to the odontophore and placed in a 0.5% 

sodium hypochlorite solution for 5 minutes or less to dis- 

solve associated organic material and rinsed in distilled 

water. The radular ribbon was examined using an 



Page 8 The Veliger, Vol. 46, No. 1 

Table 4 

Summary of range of distances for interspecific and intraspecific pairwise comparisons. 

16S COI 

Intraspecific Intraspecific 

Taxon distances n Taxon distances n 

strigatella 0.15%-1.33% 9 strigatella 0.0%-3.79% 7 
paradigitalis 0.0%—-1.4% 18 paradigitalis 0.0%-0.29% 4 

argrantesta 0.0%—1.2% 5 argrantesta 0.0%—2.68% 4 

Interspecific Interspecific 

Comparison distances Comparison distances 

11.11%-12.91% 

17.96%-19.17% 

14.71%-16.4% 

strigatella v. paradigitalis 

strigatella v. argrantesta 

paradigitalis v. argrantesta 

ElectroScan Model E3 Environmental Scanning Electron 

Microscope (ESEM). 

RESULTS 

Molecular Sequence Data 

Uncorrected pairwise comparisons of 32 specimens of 

the nominal strigatella-paradigitalis ‘““complex’’ and the 

Simison (2000) 16S phylogeny of northeast Pacific lot- 

tiids reveal three distinct lineages among the specimens. 

Sequence divergence within lineages was low while se- 

quence divergence among lineages was greater (Table 4). 

The three lineages are each nested in different clades of 

the Simison 16S phylogeny. The geographic distributions 

of these lineages are sympatric over portions of their 

ranges; the San Francisco Bay group (L. paradigitalis) 

overlaps with the Baja California group (L. strigatella) in 

southern California, while the Baja California group co- 

occurs with the Gulf group (L. argrantesta n. sp.) in the 

southern Gulf of California (Figure 1). 

Morphology 

Examination of radular and shell morphologies of taxa 

sorted by genotype revealed previously unsuspected mor- 

phological differences, especially between Gulf speci- 

mens of L. strigatella and L. argrantesta. Although both 

taxa have a wide range of shell pattern variation, speci- 

mens of L. argrantesta (Figures 16 and 19) tend to be 

lower in profile than specimens of L. strigatella (Figures 

9 and 15). Lottia strigatella specimens also tend to have 

more convex posterior shell profiles. Both taxa have var- 

iegated forms that are similar in shell color and pattern 

(compare Figures 9 and 16) as well as dark tessellate 

forms with random white markings (compare Figures 12 

and 19). In many cases L. argrantesta can be distin- 

guished from L. strigatella by the presence of low coarse 

ribs on its shell, but relatively smooth specimens also 

occur (Figure 17). Lottia argrantesta appears to lack 

16.43%-17.16% 

25.56%-27.75% 

25.47%-26.55% 

strigatella v. paradigitalis 

strigatella v. argrantesta 

paradigitalis v. argrantesta 

strongly demarcated shell patterns such as found in L. 

strigatella (e.g., Figures 11-13). 

Lottia paradigitalis and L. strigatella are substantially 

more similar to one another than either is to L. argrantesta. 

Both taxa have a wide range of overlapping shell pattern 

variation (compare Figures 7, 8 with 9, 13), strongly de- 

marcated shell patterns (compare Figures 3, 5 with 11, 15), 

and dark tessellate forms (compare Figure 5 [central area] 

and 12). A solid, yellow-tan form has been found only in 

L. strigatella (Figure 14). Both taxa lack ribbing, and pri- 

marily concentric growth lines texture the exterior shell sur- 

face although microscopic radial treads are sometimes pre- 

sent; shell profiles are virtually identical in both taxa. One 

discernible difference between L. paradigitalis and L. stri- 

gatella shell color patterns is the stronger bifurcating pat- 

terns of the white markings present in L. paradigitalis (com- 

pare Figures 3, 5, 7 with 9, 11, 13). 

The radula of L. argrantesta is readily distinguishable 

from those of both L. paradigitalis and L. strigatella. In 

L. paradigitalis (Figures 26-28) and L. strigatella (Fig- 

ures 20—22) the inner margins of the second lateral teeth 

appear convex, while in L. argrantesta the edges appear 

concave (Figures 23-25). This places the cusps of the 

second lateral teeth of L. paradigitalis and L. strigatella 

closer to the cusps of the first lateral teeth than they are 

in L. argrantesta. Lottia paradigitalis and L. strigatella 

radulae are very similar in overall morphology. One pos- 

sible difference we noted was that radular segments in L. 

paradigitalis appear slightly shorter than in L. strigatella. 

There is minor radular variation in L. paradigitalis (com- 

pare Figures 27 and 28), but it is not as marked as that 

reported in the Panamic taxon Lottia fascicularis (Simi- 

son & Lindberg, 1999). 

DISCUSSION 

After 135 years of conjecture, the results of this study pro- 

vide unequivocal evidence of the distinctness of Lottia stri- 

gatella, Lottia paradigitalis, and a third previously unrec- 
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ognized taxon, Lottia argrantesta, sp. nov. Moreover, these 

taxa are not members of a “‘species complex”’ or even sister 

taxa, but rather members of three distinct subclades within 

the northeastern Pacific Lottiidae (see below). These data 

and the evolutionary history they reveal provide a compel- 

ling demonstration of the levels of morphological conver- 

gence present in the Patellogastropoda. 

Without the molecular data Lottia argrantesta would 

likely have gone unrecognized. And while Lindberg 

(1981:75) revived the use of the specific name paradi- 

gitalis for northern California specimens of L. strigatella 

based on radular differences, it was thought at that time 

that Lottia strigatella and Lottia paradigitalis likely rep- 

resented a species pair which transitioned at Point Con- 

ception, California. This scenario was consistent with the 

range of morphological shell and radular variation shared 

by these two taxa, their similar habitats, and their contig- 

uous ranges. Moreover, allopatric divergence during a 

glacial or interglacial period provided a plausible mech- 

anism. 

However, this scenario is falsified by the 16S phylog- 

eny. Instead, the shared morphology and habitats of these 

taxa appear to result from convergence, not common an- 

cestry, and range size is characteristic of the larger, more 

inclusive clades to which each taxon belongs and not the 

outcome of a recent divergence from a common ancestor. 

While disconcerting relative to the more familiar scenar- 

io, this result suggests that deeper divergences are also 

affected by modern day Point Conception. This barrier is 

possibly thermal in nature and acts to limit the distribu- 

tions of either larvae or adults. For members of the Col- 

lisella and “‘A” subclades (Figure 2) potential southern 

limiting temperatures appear to occur near the southern 

California Bight; northern limiting temperatures do not 

appear to be reached until the northern Gulf of Alaska or 

Aleutian Islands. For members of the sister clade that 

contains L. strigatella, Macclintockia, and Nomaeopelta 

(Figure 2), northern limiting temperatures are seldom 

found north of central California, and the majority are 

south of the Bight. Possible southern limiting tempera- 

tures in the L. strigatella + Macclintockia + Nomaeo- 

pelta clade occur at the mouth of the Gulf of California. 

Thus ranges in Collisella + subclade A average about 

7900 km, while ranges in the L. strigatella + Macclin- 

tockia + Nomaeopelta clade average only about 1600 km. 

Moreover, these different thermal tolerances appear to be 

clade-level traits that first appeared in their respective 

common ancestors in the Late Miocene or Early Pliocene, 

long before glacial and interglacial sequences provided a 

plausible mechanism for divergence. Subsequent diver- 

gences in both clades produced taxa with similar toler- 

ances, suggesting that thermal tolerance was heritable in 

these clades and this trait constrained descendents to sim- 

ilar range sizes. This finding offers a deeper historical 

view of the potential makeup of latitudinal barriers and 

range size than is attainable through classical taxonomic 

studies. Moreover, the pattern has implications for clade 

selection (Jablonski, 1987; Lloyd & Gould, 1993; Ver- 

meij, 1996). 

SYSTEMATICS 

Patellogastropoda Lindberg, 1986 

Lottiidae Gray, 1840 

Although this taxon is the most diverse and abundant of 

all patellogastropod clades in the world, it is diagnosed 

by few characters, and most notably by an absence of 

calcitic foliated shell microstructures and the presence of 

fibrillar ones. Foliated shell structures are present in the 

Patelloidea, Nacelloidea, and many Acmaeoidea, but are 

absent in the Lottiidae. The remaining anatomical and 

shell characters of the Lottiidae are all found in different 

combinations in one or more of the outgroups. 

Two major subclades, Lottiinae and Patelloidinae, have 

been previously recognized on radular and shell micro- 

structure characters; they are also delimited by molecular 

characters (Simison, 2000). Both groups contain numer- 

ous subclades that have been named, as well as previ- 

ously unrecognized ones. In North America, Australia, 

Japan, and South America, members of the Lottiidae 

compose the vast majority of the species in the nearshore 

patellogastropod guilds. Unlike the Acmaeoidea, mem- 

bers of the Lottiidae are not found in the deep sea. In- 

stead, they are primarily intertidal in habitat and rarely 

occur deeper than 30 meters. They occupy a wide range 

of intertidal heights and habitat types. Some species are 

tolerant of brackish water and can be found in estuarine 

habitats. Several species are associated with algae and 

marine angiosperms while others are found only on car- 

bonate substrates. 

The Lottiidae are distributed worldwide with the ex- 

ception of Antarctica. There are no strong biogeographi- 

cal trends within the global distribution of Lottiidae, and 

different taxa in a single clade may range from cool tem- 

perate to subtropical environs. Members of the Lottiidae 

are identifiable in the Cretaceous based on shell micro- 

structure and radular characters (Akpan et al., 1982; Lind- 

berg, 1988). By the Eocene, circulatory characters that 

diagnose living taxa are visible as impressions preserved 

on the interior of fossil shells (Lindberg & Squires, 1990). 

Lottia Gray, 1833 

Lottia Gray, 1833:800. Type species, by subsequent desig- 

nation of Dall, 1871: Lottia gigantea Sowerby, 1834. 

Northeastern Pacific. 

Tecturella Carpenter, 1860:3. Type species, by monotypy: 

Tecturella grandis Gray (= Lottia gigantea = Sowerby, 

1834) (not Stimpson, 1853:36). 

Tecturina Carpenter, 1861:219. Type species by original des- 

ignation: Tecturina grandis “‘Gray” (= Lottia gigantea 

Sowerby, 1834). 

Shell profile varies from high to low with the apex 
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Figure 2.  Simison’s (2000) 16S maximum parsimony (PAUP 4.0b3a: Swofford, 2000) phylogenetic hypothesis of the relationships 

among the major clades of temperate northeastern Pacific patellogastropods showing the placement of the three taxa discussed herein (=). 

Numbers on branches = decay values. SNI is an unidentified San Nicholas Island, California taxon with a unique haplotype. CI = 

consistency index, HI = homoplasy index, RI = retention index. 
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positioned anterior of center of shell. Shell sculpture con- 

sists of combinations of ribs, riblets, and concentric 

growth lines. Radular configuration consists of three pairs 

of lateral teeth. If present, one pair of marginal teeth (or 

uncini) is located on the radular membrane at the poste- 

rior edge of the ventral plates; they are substantially 

smaller than the third lateral teeth and non-mineralized. 

The first and second inner pair of radular teeth are ap- 

proximately equal in height, but the second pair is usually 

wider than the first. The outermost third lateral teeth are 

typically reduced in size relative to the inner teeth. In 

coralline feeding species all three lateral teeth are ap- 

proximately equal to one another in size and shape. The 

ventral plates underlying the lateral teeth are complex 

with distinct plates for each tooth; however the tooth 

plates for the second and third lateral teeth may be par- 

tially fused anteriorly. A complete or partial secondary 

gill may be present in the mantle groove. In most taxa, 

the fibrillar layer dominates the shell microstructure. 

This temperate taxon reaches its zenith in the North 

Pacific especially in the northeastern Pacific. Some Aus- 

tralasian taxa have been assigned to the taxon Collisella 

(e.g., Ponder & Creese, 1980)—a subclade within Lofttia. 

However, the presence of Collisella (or Lottia) taxa in 

Australia is problematic. The Australian taxa are clearly 

outliers and whether they share common ancestry with 

the Lottia of the North Pacific has not been convincingly 

demonstrated. Alternatively, they could represent an in- 

dependent derivation from a distantly related Australasian 

lottiid ancestor. 

A complete nomenclatural revision of the taxon Lottia 

is beyond the scope of this paper. However, there is suf- 

ficient data and sampling to present an overview of our 

current working classification. This classification pro- 

vides a framework upon which to place the taxa discov- 

ered, described, and discussed herein. It also resolves sev- 

eral longstanding nomenclatural issues surrounding “‘ge- 

neric’’ assignments with the northeastern Pacific Patel- 

logastropoda. A more detailed nomenclatural treatment 

will be published elsewhere. 

In the northeastern Pacific we recognize five subclades 

within Lottia based on molecular characters (Figure 2). 

An unnamed taxon (Figure 2, subclade A) is composed 

primarily of taxa previously assigned to the Notoacmea 

by McLean (1966) and Tectura by Lindberg (1986b). The 

taxon Collisella is restricted from its previous usage by 

McLean (1966) and others to correspond to those taxa 

that share a more recent common ancestor with Lottia 

paradigitalis than with Lottia strigatella or members of 

subclade A (e.g., Lottia persona), Another subclade cur- 

rently consists of an undescribed species from the south- 

ern California Islands and Lottia strigatella. The crown 

group consists of two taxa—Macclintockia (Lindberg MS 

in Kozloff, 1987) and a clade composed primarily of Cal- 

ifornian taxa and the Nomaeopelta (Berry, 1958) of the 

Gulf of California, Mexico. The taxa formerly known col- 

lectively as Lottia strigatella and Lottia paradigitalis ac- 

tually reside in three of these five clades. Based on ex- 

amination of their shell and radular morphology it is sur- 

prising that they do not share a most recent common an- 

cestor. 

Equivalent, hierarchical phylogenetic nomenclature for 

these taxa is as follows: 

Linnean Phylogenetic 

Lottia strigatella = Lottia strigatella 

Lottia paradigitalis = Lottia Collisella paradigitalis! 

| Lottia argrantesta = Lottia Nomaeopelta argrantesta 

Lottia paradigitalis (Pritchman, 1960) 

(Figures 3—8, 26—28) 

Acmaea paradigitalis Fritchman 1960:53. 

Collisella borealis Lindberg, 1982:52. 

The shell is moderately thin with the apex positioned 

approximately % of the way from the anterior end. The 

apex is often eroded and rounded, but on less eroded 

specimens the apex comes to a strong point and slightly 

protrudes toward the anterior. Both the anterior and pos- 

terior slopes from the apex to the margin are slightly con- 

vex. Shell height is medium in profile and the shell typ- 

ically lacks radial ribbing. Fine and regular concentric 

growth lines are the predominate form of shell sculpture. 

The shell apex is typically eroded to white with either 

brown radial markings at the margins or a dark band at 

the apex margin (e.g., Figures 7, 8). Less eroded speci- 

mens show a range of radial patterns that include tessel- 

late green-brown apical areas with white radial lines lead- 

ing to the shell margin (Figures 3, 5). Specimens appear 

to change substrates during their ontogeny and this is re- 

flected in changes in the color and pattern of the shell 

(Figure 5). White radial markings often bifurcate at the 

shell margin creating numerous short radial parallel lines 

along the apertural margin. This pattern is often mirrored 

on the interior of the shell as well. 

The interior surface of the shell typically has very little 

dark staining. Usually there is a translucent white coating 

over the entire inner surface except at the very margins. 

The exterior color patterns clearly show through to the 

interior surfaces, particularly at the shell margins where 

the white layer is lacking. Occasional specimens have 

darkly stained interiors overlaying the translucent white 

layers. 

Radula (Figures 26-28): The first lateral teeth have 

pointed cusps, and the anteromedial edges of the ventral 

'The trinomials used here should not be confused with the 

subgeneric rank of the Linnean classification scheme. Here they 

are clade names that provide additional hierarchical information 

regarding relationships (e.g., see Figure 2). 
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Figures 3-8. Shell morphology of Lottia paraditigalis (Fritchman, 1960). Figure 3. UCMP 157022: Bodega Bay, Sonoma County, 

California. Figure 4. USNM 611301 [Holotype]: Berkeley Marina, Alameda County, California. Figure 5. Transitional shell morphology. 

UCMP 157021: Bodega Bay, Sonoma County, California. Figure 6. UCMP 157020: San Francisco, San Francisco County, California. 

Figure 7. UCMP 157018: San Francisco, San Francisco County, California. Figure 8. UCMP 157019: San Francisco, San Francisco 

County, California. 

attachment plates are roughly parallel. The second lateral 

teeth are also pointed, and the inner and outer tooth mar- 

gins are convexed. The cusps lie lateral to the outer edges 

of the first lateral teeth. The third lateral teeth are reduced 

and pointed. They lie lateral and almost perpendicular to 

the bases of the second lateral teeth. The third lateral teeth 

are distinct from the second lateral teeth except at their 

bases. The third lateral cusps extend posterior to a posi- 

tion similar to that of the second lateral cusps. The uncini 

on the radular membrane are prominent and appear 

rounded. 

Holotype dimensions: Length 16 mm, width 15 mm, 

height 5.5 mm. 

Yype locality: (Figure 1). UNITED STATES: California; 
] la County, Berkeley Marina (37°52'N, 122°18'W) 

ial: Holotype (USNM 611301), 5 paratypes 

(USNM 1611302). Although Fritchman (1960) extensive- 

ly studied the radula of Acmaea paradigitalis, the type 

material consists entirely of shells; not a single radula 

associated with a type specimen was found. 

Distribution: The recognition of synonymy between the 

taxa known as L. borealis and L. paradigitalis increases 

the range of this species into the northwestern Pacific. 

Based on morphological comparisons (Lindberg, 1982), 

Lottia paradigitalis likely ranges from De Kastri, Russia 

(51°28'N, 140°47’E) to Kalevala Bay, Russia (42°30'N, 

130°50'W) through the Aleutians and down the North 

American coast to southern California. Based on molec- 

ular data, the most northwestern population is found at 

Gibson Island, Chichagoff Harbor, Attu Island (52°57'N, 

173°16'W), Aleutian Islands, Alaska [type locality of 

Collisella borealis]. The southern limit appears to lie near 

Point Conception, California (34°27'N, 120°28’W), with 
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a small scattering of individuals occurring at mainland 

and island localities within the southern California bight. 

Such a range is comparable with those of other members 

of the Collisella clade such as Lottia Collisella pelta 

(Rathke, 1833) and Lottia Collisella digitalis (Rathke, 

1833). 

Discussion: Lindberg (1981) unexpectedly noticed radu- 

lar differences in Lottia paradigitalis that distinguished it 

from L. strigatella. These differences included the shorter 

and more compact ventral plate length and the shorter 

and blunter second lateral teeth. However, it is doubtful 

that these characters would have held up in a larger and 

statistically valid study. Fritchman’s (1960) original rad- 

ular study of ““Acmaea paradigitalis”’ included specimens 

of L. paradigitalis as well as L. strigatella. For example, 

Fritchman’s figured specimens 8 and 9 (and possibly the 

top specimen in Figure 7) appear to be L. strigatella not 

L. paradigitalis. It is highly probable that his quantitative 

analysis of radular morphology confounds both L. stri- 

gatella and L. paradigitalis, especially in his “‘S of 34°” 

category. 

Although Lindberg (1982) noted similarities in the col- 

or patterns of L. borealis and L. paradigitalis (as Colli- 

sella strigatella), there was little subsequent discussion of 

possible relationships. This was due in part to the color 

variation present in L. borealis (Figures 29—34). Although 

the tessellate and rayed color patterns are common in L. 

paradigitalis, the solid and white color patterns of the 

nominal taxon L. borealis have not been previously rec- 

ognized in L. paradigitalis. At Attu, specimens with the 

solid color patterns are often associated with Mytilus ag- 

gregations, while the white form occurs in a wide variety 

of habitats and in aggregations that include specimens 

with other color patterns (Lindberg, 1982). Based on the 

color patterns seen in specimens of L. paradigitalis in 

Alaska it is likely that similar variation is present in the 

southern part of the range as well, but it has been con- 

fused with other taxa in this more speciose section of its 

range. 

Lottia strigatella (Carpenter, 1864) 

(Figures 9-15, 20-22) 

Acmaea strigatella Carpenter 1864b:474; Acamaea patina 

var. strigillata Carpenter, 1866:334. 

The shell is moderately thin with the apex positioned 

in the anterior third of the shell. The apex is often eroded 

and rounded, but on less eroded specimens the apex is 

anteriorly directed. Both the anterior and posterior slopes 

from the apex to the margin are slightly convex; the an- 

terior slope may be straight in some specimens. Shell 

height is medium in profile. The shell exterior surface of 

the shell lacks prominent radial ribbing although evenly 

spaced, microscopic radial treads are often present. These 

threads are substantially weaker than the concentric 
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growth lines that sculpted the exterior shell surface. Spec- 

imens of L. strigatella likely change substrates during 

their ontogeny, and this is reflected in changes in the col- 

or and pattern of the shell (Figure 11). Initially the pro- 

toconch is brown in color, but it is often eroded and the 

apex is white; sometimes with a small, darker spot at its 

center. In the northern part of its range (southern Cali- 

fornia and Baja California Norte) most specimens are ol- 

ivaceous green with grayish white markings (Figure 12). 

The markings surrounding the apex may radiate outward 

as evenly spaced stripes, but they soon deteriorate into 

offset blotches of lighter shell material that maintain the 

radial pattern. This pattern may be maintained to the shell 

margin or the blotches may elongate into stripes that then 

continue to the shell edge. It is not unusual for specimens 

to exhibit all three color patterns; however, the regular, 

radial white markings surrounding the aperture are the 

most distinctive. While the markings nearer the apex are 

more gray- or blue-white, the markings closer to the mar- 

gin are whiter. In the southern part of its range, and into 

the Gulf, variegated patterns are more common (Figures 

9-13). In central Baja California, a solid yellow-tan for- 

ma has also been found (Figure 14), and juveniles may 

be dark with two lateral white flashes (Figure 15). 

The central area of the shell inside of the muscle scar 

is typically marked with a brown stain. In some speci- 

mens the coloration does not extend into the actual apical 

area which remains white. The intermediate area between 

the muscle scar and the shell margin ranges from blue to 

white. In darker specimens this may be suffused with 

brown. The interior margin is narrow and dark and re- 

flects the exterior shell markings. 

Radula (Figures 20-22): The first lateral teeth have 

sharply pointed cusps that flare out laterally. The second 

lateral teeth are also pointed, and the inner and outer mar- 

gins convexed. The cusps lie lateral of the cusps of the 

first lateral teeth in the adjacent row. The third lateral 

teeth are reduced and also sharply pointed. They lie lat- 

eral and almost perpendicular to the bases of the second 

lateral teeth. The third lateral teeth are distinct from the 

second lateral teeth except at their bases. The third lateral 

cusps extend posterior to a position slightly behind that 

of the second lateral cusps. The uncini on the radular 

membrane are prominent and appear rounded. 

Type locality (Figure 1): MEXICO: Sonora; Guaymas 

(28°N, 111°W). 

Type material: Six syntypes (USNM 12594). 

Distribution: MEXICO: Sonora; Guaymas (28°N, 

111°W) to UNITED STATES: California; southern Cali- 

fornia bight region (Figure 1). 

Discussion: Phenotypic variation present in Loftia stri- 

gatella has previously led to its being confused with other 

taxa, most notably L. paradigitalis, L. persona, and L. 
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Figures 9-15. Shell morphology of Lottia strigatella (Carpenter, 1846). Figure 9. UCMP 157011: Cabo San Lucas, Baja California 

Sur, Mexico. Figure 10. USNM 12584 [Lecotype on right]: Cabo San Lucas, Baja California Sur, Mexico. Figure 11. Transitional shell 

morphology. UCMP 157012: Cabo San Lucas, Baja California Sur, Mexico. Figure 12. UCMP 157001: Guaymas, Sonora, Mexico. 

Figure 13. UCMP 157013: Cabo San Lucas, Baja California Sur, Mexico. Figure 14. UCMP 157015: Bahia Tortugas, Baja California 

Norte, Mexico. Figure 15. UCMP 157002: Guaymas, Sonora, Mexico. 

fenestrata (Reeve, 1855). It is possible that over 140 

years ago P. P. Carpenter saw through this variation and 

distinguished both L. strigatella and L. paradigitalis only 

to have “‘modern” systematists confound his distinction 

because of the overall similarity shared by these taxa. 

However, Carpenter did not localize his nominal taxon 

\cmaea patina var. strigillata, but only stated that it was 

found in the Vancouver-Californian provinces. Jay (1852) 

ed the locality as ““Upper California,’’ but this does 

not distinguish between the L. strigatella and L. paradi- 

gitalis in modern day central and southern California. 

Burch’s Solomon-like division of L. strigatella for the 

southern taxon and L. strigillata for the northern one may 

have been correct. However, the fact that he thought both 

of these only to be forms of Lottia persona suggests even 

further nomenclatural confusion. Because of the lack of 

a locality or type specimens associated with the name 

strigillata, we chose to use the name paradigitalis for this 

taxon. This nominal taxon was well described, localized, 

and can be unequivocally associated with a genotype. 
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Figures 16-19. Shell morphology of Lottia argrantesta Simison & Lindberg, sp. nov. Figure 16. UCMP 157007 [Holotype]: Bahia 

de San Francisquito, Baja California Sur, Mexico. Figure 17. UCMP 157003 [Paratype]: Califin, La Paz, Baja California Sur, Mexico. 

Figure 18. UCMP 157008 [Paratype]: Bahia de San Francisquito, Baja California Sur, Mexico. Figure 19. UCMP 157006 [Paratype]: 

Tecolate, Baja California Sur, Mexico. 

Test (1946:11) suggested that ““Acmaea fenestrata” 

represented one of “‘two polytypic species of the genus 

Acmaea known at the present time in North American 

waters ...”’ While the northern form had a subcircular 

aperture with the interior of the shell suffused with 

brown, the southern form had an oviform aperture with 

a blue interior, and little if any brown coloring. 

McLean (1966:105) also recognized this distinction be- 

tween northern and southern specimens of Lottia fenes- 

trata, but considered the differences to result from their 

occurrence in different habitats rather than geographical 

variation. McLean noted that both northern and southern 

forms were present at some localities albeit in different 

habitats (i.e., sandstone reefs near sand vs. rubble-reefs, 

respectively). McLean (1966:81) also noted, “‘Color pat- 

terns of the rubble-reef living form of C. strigatella are 

closely approximated by those of C. fenestrata (with 

which it is always in association), but the interior lacks 

the brown suffusion of C. fenestrata.” 

The presence of brown interiors in specimens from Ba- 

hia Tortugas, Baja California Norte, Mexico that are mo- 

lecularly identical to specimens of Lottia strigatella from 

the type locality of Guymas, suggests to us that the spec- 

imens of southern California rubble-reefs represent eco- 

phenotypes of L.. strigatella rather than L. fenestrata. As 

pointed out by McLean, rubble-reefs are rare north of 

Point Conception, California as are specimens of L. stri- 

gatella. In contrast, Lottia fenestrata is a northern taxon 

that is rare south of Point Conception and differs little 

throughout its northern range. 

Lottia argrantesta Simison & Lindberg, sp. nov. 

(Figures 16-19, 23-25) 

Shell height ranges from relatively low to medium pro- 

files. Shell ribbing typically consists of irregular ribs, and 

shells less than 10 mm in length tend to be smoother, but 

still have a knobby texture. The aperture and growth lines 

are irregular. The apical area erodes to white and the ini- 

tial shell is dark with approximately six to eight white 

rays radiating from the apex. Subsequent shell color 

varies from predominately black with radially drawn out 

white markings (Figure 17) or predominately white with 

black radial markings corresponding to coarse irregular 

ribs (Figure 14). In most cases, the markings on both the 

white and black ground colors do not extend from the 

apex to the margin, but rather stop and restart in different 

positions. In the lighter shells the white areas are marked 

with brown markings; in darker specimens the brown 

markings are more sparse, but are often visible at the 

margins associated with the white markings. Occasional 

small specimens (less than 10 mm in length) are found 

that are completely brown in color (Figure 15). The ribs 

are not regular but instead often form knuckles or knobs 

at irregular intervals from the apex to the margin, and do 
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Lottia argrantesta Lottia paradigitalis 

Figures 20-28. Radular morphology. Figures 20—22. Lottia strigatella (Carpenter, 1846). Figure 20. Chileno, Cabo San Lucas, Baja 

California Sur, Mexico (UCMP 157014). Figure 21. Cabo San Lucas, Baja California Sur, Mexico (UCMP 157010). Figure 22. Guaymas, 

Sonora, Mexico (UCMP 1570009). Figures 23-25. Lottia argrantesta Simison & Lindberg, sp. nov. Figure 23. Califin, La Paz, Baja 

California Sur, Mexico (UCMP 157003). Figures 24, 25. Bahia de San Francisquito, Baja California Sur, Mexico (UCMP. 157008, 

57007, respectively). Figures 26-28. Lottia paradigitalis (Fritchman, 1960). San Francisco Bay, San Francisco County, California 

TP 157020, 157018, 157019, respectively). 
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Figures 29-34. Collisella borealis Lindberg, 1982 = [Lottia paradigitalis (Fritchman, 1960)]. Figure 29. Holotype, CAS 024715. 

Figure 30. Rayed color pattern (Paratype, CAS 024716). Figure 31. Tesselate color pattern (Paratype, CAS 024717). Figure 32. Solid 

color pattern (Paratype, CAS 024718). Figure 33. White color pattern (Paratype, CAS 024719). Figure 34. Juvenile color pattern (CAS 

024720). All specimens from Gibson Island, Attu Island, Aleutian Islands, Alaska. 

not protrude to form a crenulated margin; in smaller spec- 

imens the shells are typically smoother. 

The inner surface of the shell is typically marked with 

a brown or yellow-brown apical stain that clearly delin- 

eates the interior boundary of the shell attachment muscle 

scar. Sporadic darker markings may also be present in the 

central area. The intermediate area ranges from blue to 

white and is often overlain by a yellow-brown stain as 

well. The interior margin is broad and dark, reflecting the 

outer white markings. In the small brown shells the entire 

interior surface is brown with the central area being 

slightly darker than the intermediate area and margin. The 

edge of the aperture is slightly reflected back. 

Radula (Figures 23-25): The first lateral teeth have 

sharply pointed cusps that flare out laterally. The second 

lateral teeth are also pointed, the inner tooth margins are 

concaved, and the outer margins slightly convexed. The 

cusps lie close to the edge of the radular ribbon. The third 

lateral teeth are reduced and also sharply pointed. They 

lie lateral and almost perpendicular to the bases of the 

second lateral teeth. The third lateral teeth are distinct 

from the second lateral teeth except at their bases. The 



Page 18 

third lateral cusps extend posterior to a position similar 

to that of the second lateral cusps. The uncini on the 

radular membrane are prominent and appear rounded. 

Holotype dimensions: Length 20 mm, width 16.5 mm, 

height 4.2 mm. 

Type locality (Figure 1): MEXICO: Baja California Sur; 

Bahia de San Francisquito [Holotype]. MEXICO: Baja 

California Sur: La Paz and Tecolate [Paratypes]. 

Type material: Holotype UCMP No. 157007, Paratypes 

UCMP Nos. 157003, 157006—157008. Paratypes have 

also been deposited in LACM and USNM. 

Distribution: MEXICO: Baja California Sur; Bahia de 

San Francisquito (28°30'N, 112°40'W) to La Paz (24°10', 

110°21') and MEXICO: Sonora; Guaymas (27°56’', 

110°54'). 

Material examined: Nine specimen lots, 33 specimens 

three radula preparations. 

Etymology: It is an honor for us to name this species for 

the first limpet systematist of the University of California 

at Berkeley, the late Dr. Avery Ransome Grant Test, in 

recognition of her contributions to our knowledge of the 

Lottiidae. 
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Abstract. Seventeen species of epitoniid gastropods are discussed from Upper Cretaceous shallow-marine rocks in 

British Columbia, California, and northern Baja California. Eleven of the species are new: Opalia atra, Opalia cavea, 

Amaea trifolia, Amaea cerva, Amaea pentzia, Belliscala petra, Belliscala meta, Acirsa alpha, Acirsa beta, Acirsa delta, 

and Acirsa epsilon. The genera Amaea, Belliscala, and Acirsa have not been previously reported from Cretaceous rocks 

in this region. Generic assignment, age, and distribution of Opalia? mathewsonii (Gabb, 1864), Belliscala suciense 

(Whiteaves, 1879), Acirsa obtusa (White, 1889), Acirsa nexilia (White, 1889), and Confusiscala newcombii (Whiteaves, 

1903) are discussed. Claviscala sp. is recognized, and it represents the first confirmed Late Cretaceous occurrence of 

this genus in this region. 

The very rare and large Zebalia n. gen. suciensis (Packard, 1922), from Upper Cretaceous rocks in Washington and 

southern California, is an epitoniid-like zygopleurid gastropod and the first Late Cretaceous record of zygopleurids. 

INTRODUCTION 

As far as we know, this is the first paleontologic study 

anywhere in the world that has focused on Late Creta- 

ceous epitoniid gastropods. It is certainly the first detailed 

study of Late Cretaceous epitoniid gastropods from shal- 

low-marine rocks in a region extending from Vancouver 

Island, British Columbia, Canada, to northern Baja Cali- 

fornia, Mexico (Figure 1). The only other study devoted 

entirely to epitoniids from this region is Durham’s (1937) 

study of Mesozoic and Cenozoic species, with an em- 

phasis on the latter. He listed only five Mesozoic epitoniid 

taxa, two of Early Cretaceous age and three of Late Cre- 

taceous age. Studies by Saul & Popenoe (1993) and by 

us indicate that of these five, only two are unequivocal 

epitoniids: Opalia (Confusiscala) mathewsonii (Gabb, 

1864) and Opalia (Confusiscala) mathewsonii (Gabb)?. 

The former is herein identified as Opalia? mathewsonii, 

and the latter is the same as Confusiscala? sulfurea Saul 

& Popenoe, 1993. 

Over the last few years, while examining the collec- 

tions of Late Cretaceous fossils at the Natural History 

Museum of Los Angeles County, we detected 11 new 

species of epitoniids and a new genus of an epitoniid-like 

zygzopleurid gastropod, formerly known as ‘“‘Cerithium” 

uciaensis Packard, 1922. Also included in this paper is 

tudy of the poorly known Opalia? mathewsonii 

ob, 1864, as well as the description augmentation, ge- 

neric reassignment, and biostratigraphic analyses of the 

following four other previously named species of Late 

Cretaceous epitoniids from the study area: Cerithium lal- 

lierianum, var. suciense Whiteaves, 1879; Mesalia obtusa 

White, 1889; Ceratia nexilia White, 1889; and Mesosto- 

ma newcombii Whiteaves, 1903. Cirsotrema tenuisculp- 

tum Whiteaves, 1879, is not an epitoniid. The chronos- 

tratigraphic positions of the new and restudied taxa are 

shown in Figure 2. Most of these taxa occur between the 

Santonian and late Campanian, and this peak in epitoniid 

diversity is coincident with a cooling of the waters in this 

region when warm-temperate seas were the norm, relative 

to the warmer seas of the Turonian and the Maastrichtian 

(Saul, 1986). 

Much of this present study stems from collections 

made by Saul (1959) in the Chico Formation of northern 

California. Her detailed stratigraphic locality data have 

made it possible to sort out and arrange chronologically, 

similar faunas of different ages. In addition, collections 

of epitoniids made by various collectors from the Chat- 

sworth Formation of southern California are also very 

valuable. 

The family Epitoniidae Berry, 1910, is a group of ma- 

rine gastropods popularly referred to as “‘wentletraps.” It 

is a relatively large family with more than 600 Recent 

species and an additional 300 or 400 fossil species. Epi- 

toniids can be found worldwide, from the intertidal zone 
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Figure 1. Index map of the study area’s geographic place names 

mentioned in text. | = Hornby Island. 2 = Sucia Island. 3 = 

Yreka area. 4 = East of Redding. 5 = Chico Creek. 6 = Pentz. 

7 = Martinez. 8 = Jalama Creek. 9. = Simi Hills. 10. = Santa 

Ana Mountains. 11. = Arroyo Santa Catarina. 

to deep water but are rare in the abyssal zone (> 6000 

m depth). They are particularly common in shallow, 

warm waters of the continental shelf. Some epitoniids 

have planktotrophic larval stages (Bouchet & Warén, 

1986), hence wide dispersal. Members of the family are 

predators or parasites on sea anemones or corals (Bouchet 

& Waren, 1986; Weil et al., 1999), and most epitoniid 
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species seem to be loosely associated with their prey or 

host species (Bouchet & Warén, 1986). 

According to Cossmann (1912), the earliest known ep- 

itoniid is the Middle Jurassic (Bathonian) Proacirsa in- 

ornata (Terquem & Jourdy, 1869; Wenz, 1940:fig. 2290) 

from Lorraine, France. According to Clench & Turner 

(1950), the greatest generic/subgeneric diversities of ep- 

itoniids took place during the Eocene and Miocene. On 

the Pacific slope of North America, however, the greatest 

generic/subgeneric diversities were during the Oligocene 

(Durham, 1937:481—483) and Pliocene (DuShane, 1979: 

95), with seven genera/subgenera during both times. In 

comparison, during the Eocene and Miocene in this re- 

gion, there were three and six genera/subgenera, respec- 

tively (Durham, 1937:481—483). The greatest generic di- 

versity of Cretaceous epitoniids from the Pacific slope of 

North America was during the early to middle Campan- 

ian, with six genera present (Figure 2). On a worldwide 

scale, it is very difficult to assess Cretaceous epitoniid 

generic diversity because many of the specimens illus- 

trated in the literature do not show the critical views of 

the aperture and basal part of the last whorl. In addition, 

diversity studies are difficult because early workers used 

very broadly defined generic names (e.g., Scala Brugui- 

ere, 1792; Scalaria Lamarck, 1801) that have been re- 

placed by a multitude of other generic names. Very few 

modern workers have attempted to do additional collect- 

ing and restudy of these faunas. 

The higher classification system used here follows that 

of Bandel (1991). Abbreviations used for catalog and lo- 

cality numbers are: ANSP, Academy of Natural Sciences, 

Philadelphia; GSC, Geological Survey of Canada, Otta- 

wa, Ontario; CIT, California Institute of Technology, Pas- 

adena [collections now housed at LACMIP]; LACMIP., 

Natural History Museum of Los Angeles County, Inver- 

tebrate Paleontology Section; UCMP, University of Cal- 

ifornia, Museum of Paleontology, Berkeley; USGS, Unit- 

ed States Geological Survey, Menlo Park [collections 

now housed at UCMP]; USNM, United States National 

Museum, Washington, D. C. 

STRATIGRAPHY 

The geologic ages of most of the formations/members 

cited in this paper have been summarized by Saul (1982), 

Haggart & Ward (1984), and Squires & Saul (2001, 

2003). Cited literature in these papers includes relevant 

information on lithostratigraphy and depositional environ- 

ments. Stratigraphic information mentioned below con- 

cerns either those rock units not discussed in recent lit- 

erature or additional pertinent biostratigraphic details. 

Osburger Gulch Sandstone Member of Hornbrook 

Formation 

This Cenomanian to lower Coniacian member crops 

out in northern California and southwestern Oregon and 
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Figure 2. Chronostratigraphic positions of the new and restudied Late Cretaceous epitoniid and zygopleurid gastropods from the Pacific 

slope of North America. Geologic ages, polarities, and chrons after Gradstein et al. (1994). Ammonite biozones after Matsumoto (1959, 

1960) and Elder & Saul (1996). 
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is primarily a high-energy nearshore deposit containing 

abundant molluscan fossils (Nilsen, 1984). The type lo- 

cality of Opalia atra is in this member in the Yreka area 

(Figure 1), and this locality has also yielded the gastro- 

pods Carota dilleri (White, 1889) and Turritella hearni 

Merriam, 1941. The former is indicative of the early to 

late Turonian (Saul & Popenoe, 1993), and the latter is 

indicative of the late Turonian to possibly early Coniacian 

(Saul, 1982). Based on the overlapping geologic ranges 

of these two species, the age of the type locality beds of 

O. atra is late Turonian. 

Redding Formation 

This formation crops out east of Redding, Shasta Coun- 

ty, northern California (Figure 1) and consists of several 

shallow-marine members deposited during the Turonian 

to Santonian stages. The members that concern this paper 

are Members V and VI of Popenoe (1943). These mem- 

bers were also utilized by Murphy et al. (1957), Matsu- 

moto (1959, 1960), and Trujillo (1960), with some mod- 

ification of outcrop distribution of members V and VI by 

Murphy et al. (1957:pl. 3) and Matsumoto (1960:fig. 2). 

Haggart (1986) named Members IV to V, but his units do 

not directly correspond to those of Popenoe. Haggart in- 

cluded in his Hooten Gulch Mudstone Member the mud- 

stones of Members IV and VI. The thick conglomerate at 

the base of Member V along Oak Run, Haggart referred 

to his Oak Run Conglomerate Member, but he did not 

discuss his concept of the ‘stratigraphic equivalency of the 

remaining part of Member V. Conversion of Popenoe’s 

(1943) version of the Redding Formation stratigraphy to 

Haggart’s version would require a more detailed map than 

available in Haggart (1986: fig. 4) and a detailed integra- 

tion of previous workers’ biostratigraphic data. 

All the specimens of Amaea trifolia sp. nov. and Bel- 

liscala petra sp. nov., as well as those specimens of 

Amaea cerva sp. nov. from east of Redding, were col- 

lected by Popenoe, and the recorded locality descriptions 

reflect his view of the stratigraphy. The first two of these 

species are both present in Members V and VI, and the 

localities (LACMIP 10794 and 24217 for both, as well 

as 24246 for B. petra) they were found at correspond to 

the Santonian (Popenoe et al., 1987; Popenoe & Saul, 

1987; Saul, 1988; Saul & Popenoe, 1992). Most of the 

specimens of Amaea cerva are of late Santonian age and 

from the upper part of the Musty Buck Member of the 

Chico Formation, but a few specimens are from LACMIP 

loc. 10786 in Member V (lower part), and the rocks at 

this locality are of early Santonian age (Saul, 1988). 

“Trent River Formation” 

This broad stratigraphic unit is equivalent to several 

formations that crop out along the eastern side of Van- 

couver Island from Hornby Island, British Columbia, on 

the north, to Sucia Island, Washington, on the south 
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(Mustard, 1994). These formations, which include the 

Haslam, Extension, Pender, Protection, and Cedar Dis- 

trict, range in age from Santonian to middle Campanian 

(Haggart, 1991). 

Ten Mile Member of Chico Formation 

The stratigraphically highest strata of the Chico For- 

mation exposed along Big Chico and Butte creeks, Butte 

County, northern California (Figure 1) constitute the Ten 

Mile Member of Saul (1959, 1961), which was formal- 

ized by Haggart & Ward (1984). This silty sandstone 

member ranges in age from Santonian to early Campan- 

ian, and epitoniids are from the part recognized by Saul 

(1959) to be of early Campanian age. The member is 

quite fossiliferous, and on the basis of mollusks, the max- 

imum-water depth of the member was 90 m (Saul, 1961). 

Spray Formation 

This formation, which was named by Usher (1952) for 

thin-bedded shale and sandstone outcrops on Hornby Is- 

land, east coast of Vancouver Island, British Columbia, 

is a sparsely fossiliferous, outer shelf to upper slope de- 

posit (Haggart, 1991). Muller & Jeletzky (1970) subdi- 

vided the formation into a lower part, correlative to the 

ammonite Metaplacenticeras pacificum biozone, and an 

upper part, correlative to the ammonite Didymoceras 

hornbyense biozone. In modern usage, the M. pacificum 

biozone is equivalent to the upper middle Campanian to 

lower upper Campanian, and the D. hornbyense biozone 

is equivalent to the middle upper Campanian (Figure 2). 

SYSTEMATIC PALEONTOLOGY 

Class GASTROPODA Cuvier, 1797 

Superorder CAENOGASTROPODA Cox, 1959 

Order PTENOGLOSSA Gray, 1853 

Superfamily JANTHINOIDEA Lamarck, 1812 

Family EPITONHIDAE Berry, 1910 

Discussion: We follow the convention of most modern 

workers in using Berry (1910) as the author of family 

Epitoniidae. According to Garvie (1996:64), however, the 

first author to actually use the family name Epitoniidae 

seems to have been Suter (1913). This discrepancy needs 

to be officially resolved. 

All the current classifications of this family are still 

based on shell characters, and the present state of knowl- 

edge of epitoniids allows for only a provisional classifi- 

cation scheme because the nomenclatural history of this 

family is chaotic, particularly above the species level 

(Weil et al., 1999). Much of this confusion is the result 

of the early French worker de Boury, who named many 

genera and subgenera but who provided, in many cases, 

no more than just type designations for the names. Some 
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of these type species are obscure European ones. Even 

when the type species can be examined, it is not always 

possible to differentiate the genera or subgenera. It must 

be realized that many of his names are probably super- 

fluous or questionable, and that a rather broad interpre- 

tation of the better known taxa is the most practical ap- 

proach until such time as the family can be thoroughly 

revised (Clench & Turner, 1950; Maxwell, 1992). 

Kilburn (1985) reported that in scanning the Epitoni- 

idae for synapomorphies that might be useful in formu- 

lating a classification, he received the impression that 

most lineages have arisen through the genetic “‘reshuf- 

fling’’ of a limited number of characters and that conver- 

gence is rampant. He also reported that radula studies 

have yielded little of value, and one must, at present, rely 

on shell characters. Bouchet & Warén (1986), however, 

reported that there are radular differences among the fam- 

ily, as well as some differences in the operculum. At pre- 

sent, only two major shell characters appear to be of “‘tax- 

onomic value’’; namely, the presence of a pitted intrita- 

calx (or chalky layer external to the primary shell) and, 

especially, the protoconch form of those species with 

planktotrophic type of larval shell (Kilburn, 1985; Bouch- 

et & Warén, 1986). Unfortunately, the intritacalx and pro- 

toconchs are rarely preserved in fossil epitoniids, espe- 

cially those from the Cretaceous of the Pacific slope of 

North America. 

Genus Opalia H. Adams & A. Adams, 1853 

Type species: Scalaria australis Lamarck, 1822, by sub- 

sequent designation (de Boury, 1886); Recent, New 

South Wales to Western Australia. 

Diagnosis: Shell solid, whorls joined, and not umbilicate. 

Axial ribs usually strong, broad, and occasionally angu- 

lated or nodulose. Spiral sculpture usually consisting of 

exceedingly fine incised threads, finely pitted or not. In- 

tritacalx pitted and present on unworn specimens. Basal 

keel usually present and strong. Basal disk present or ab- 

sent; transverse ribs absent on base. Operculum thin, cor- 

neous, paucispiral, and littorinoid in shape (Clench & 

Turner, 1950; Neville, 2001). 

Page 25 

Discussion: One of the most diagnostic characters of 

Opalia is the pitted intritacalx, which consists of micro- 

scopic sculpture in a very thin and soft outer layer of 

calcium carbonate that is quickly lost in worn specimens. 

This feature is easily eroded and rarely preserved in fossil 

specimens (Bouchet & Warén, 1986). Although Opalia 

generally has axial ribs, all transitions seem to exist be- 

tween species with strong axial sculpture and species with 

no axial sculpture at all. 

Wenz’s (1940:fig. 2297) illustration of the type species 

of Opalia shows transverse ribs on the base. Clench & 

Turner (1950), as well as other authors, have maintained 

that Opalia is distinctive for its lack of transverse ribs on 

the base. We have examined specimens of O. australis 

stored in the Natural History Museum of Los Angeles 

County, Malacology Section, and found them to be lack- 

ing transverse ribs on the base, just like the specimen of 

this species illustrated by Wells & Bryce (1985:fig. 148). 

Opalia is morphologically very similar to Confusiscala 

de Boury, 1909, and future work may show them to be 

the same. The two new species of Opalia described below 

have narrow axial ribs, as well as very weak to nearly 

obsolete spiral ribbing, and are more similar to the type 

species of Opalia, than they are to the type species of 

Confusiscala, which has swollen axial ribs and relatively 

strong spiral ribbing. Opalia? mathewsonii (Gabb, 1864), 

which is also included in this present report, generally 

resembles Opalia but cannot be positively placed in this 

genus because of poor preservation of the available ma- 

terial. 

According to Bouchet & Warén (1986), Opalia is mor- 

phologically indistinguishable from Gregorioiscala Coss- 

mann, 1912, and Punctiscala de Boury, 1890, both of 

which are found today only in bathyal and abyssal habi- 

tats. Bouchet & Warén (1986), however, preferred to treat 

Opalia as distinct from these two genera because Gre- 

gorioiscala and Punctiscala are bathymetrically distinct. 

As will be discussed below, the two new species of 

Opalia described here, and especially Opalia cavea, are 

very similar to an array of other Cretaceous Opalia found 

throughout the world. These Cretaceous species are, in 

Figures 3—20. Specimens coated with ammonium chloride, unless otherwise stated. Figures 3—5. Opalia atra 

Squires & Saul, sp. nov., holotype LACMIP 12898, LACMIP loc. 25401, Yreka area, 3.6. Figure 3. Apertural 

view. Figure 4. Abapertural view. Figure 5. Basal view. Figures 6—8. Opalia cavea Squires & Saul, sp. nov., holotype 

LACMIP 12990, LACMIP loc. 2853, Arroyo Santa Catarina, X3.3 Figure 6. Apertural view. Figure 7. Abapertural 

view. Figure 8. Basal view. Figures 9-11. Opalia? mathewsonii (Gabb, 1864), holotype ANSP 4220, Martinez area, 

specimen uncoated. Figure 9. Apertural view, 2.7. Figure 10. Right-lateral view, 3.7. Figure 11. Basal view, 

x3.4. Figures 12-14. Amaea trifolia Squires & Saul, sp. nov., holotype LACMIP 12991, LACMIP loc. 24217, east 

of Redding. Figure 12. Apertural view, 2.9. Figure 13. Left-lateral view, 2.9. Figure 14. Basal view, 3.5. 

Figures 15-17. Amaea cerva Squires & Saul, sp. nov., holotype LACMIP 12992, LACMIP loc. 10849, Chico Creek. 

Figure 15. Apertural view, X2.7. Figure 16. Abapertural view, <2.7. Figure 17. Basal view, 3.3. Figures 18—20. 

Amaea pentzia Squires & Saul, sp. nov., holotype LACMIP 12993, LACMIP loc. 24340, Pentz area, *2. Figure 

18. Apertural view. Figure 19. Abapertural view. Figure 20. Basal view. 
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turn, very similar to the Opalia australis, the living type 

species of Opalia. 

The geologic range of Opalia sensu lato is Late Juras- 

sic to Recent (Durham, 1937). 

Opalia atra Squires & Saul, sp. nov. 

(Figures 3—5) 

Diagnosis: An Opalia with slightly sinuous and slightly 

prosocline axial ribs, approximately 11 to 12 of them on 

middle-spire whorls. Spiral striae very fine. Basal keel 

strong. 

Description: Shell medium small (up to 14.7 mm high), 

turriculate, with high spire. Pleural angle approximately 

23° (estimated). Protoconch and upper spire unknown. Te- 

leoconch whorls approximately six (estimated), rounded, 

suture moderately impressed. Axial ribs stronger than spi- 

ral sculpture. Axial ribs narrow to moderately broad, 

moderately spaced, extending from suture to suture, not 

aligned from whorl to whorl, slightly prosocline, occa- 

sionally sinuous posteriorly, usually reflexed leftward 

near posterior suture, approximately 13 on last whorl, 12 

on penultimate whorl, and approximately 11 on ante-pen- 

ultimate whorl. Spiral sculpture consisting of numerous, 

very closely spaced spiral striae crossing axial ribs. Basal 

keel prominent, slightly swollen where axial ribs meet it. 

Basal disk with microscopic spiral ribs and some raised 

growth lines; axial ribs obsolete. Aperture ovate, anterior 

end twisted slightly to left. 

Dimensions of holotype: Incomplete specimen of three 

whorls, height 14.7, diameter 7 mm. 

Holotype: LACMIP 12989. 

Type locality: LACMIP loc. 

122°30'W. 
25401, 41°51'30'N, 

Geologic age: Late Cretaceous (late Turonian). 

Distribution: Hornbrook Formation, Osburger Gulch 

Sandstone Member, Siskiyou County, northern California. 

Discussion: Only two specimens are known. Both are 

partial specimens, with one of them consisting of only 

the last whorl, without its base. The new species is very 

similar to Opalia cavea sp. nov. but differs from it by 

having a slightly narrower pleural angle; broader and 

fewer axial ribs that are more sinuous; and spiral striae 

that are more prominent. Opalia atra is somewhat similar 

to Confusiscala? juvenca Saul & Popenoe (1993:359— 

360, figs. 25, 26) from the Turonian Frazier Siltstone 

Member of the Redding Formation, Redding area, Shasta 

County, northern California. Opalia atra differs from C.? 

Juvenca by having much narrower and more numerous 

axial ribs, much weaker spiral striae, and probably a nar- 

rower pleural angle. 

Etymol > The specific name atra is Latin, meaning 
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black, and refers to Black Mountain in the type-locality 

area. 

Opalia cavea Squires & Saul, sp. nov. 

(Figures 6—8) 

Diagnosis: An Opalia with a 28° pleural angle. Axial ribs 

prosocline, approximately 14 to 15 on middle-spire 

whorls. Spiral striae nearly obsolete. Basal keel strong. 

Description: Shell medium small (up to 19.2 mm high), 

turriculate, with high spire. Protoconch and upper spire 

unknown. Pleural angle approximately 28°. Teleoconch 

whorls approximately six (estimated), rounded, suture 

moderately impressed and with or without a subsutural 

cord. Axial ribs stronger than spiral sculpture. Axial ribs 

narrow, moderately spaced, extending from suture to su- 

ture, generally aligned from whorl to whorl on upper 

spire but becoming less so on more mature whorls, pro- 

socline, occasionally reflexed leftward near posterior su- 

ture, 14 on last whorl, and 15 on penultimate and ante- 

penultimate whorls. Spiral striae between axial ribs nearly 

obsolete, except for very faint striae (especially near an- 

terior suture) on some whorls. Basal keel prominent, nod- 

ed where axial ribs meet it. Basal disk with very faint, 

closely spaced spiral striae and some raised growth lines. 

Aperture subcircular, inner lip with thin callus. 

Dimensions of holotype: Incomplete specimen of 3.5 

whorls, height 16.2 mm, diameter 8.6 mm. 

Holotype: LACMIP 12990. 

Type locality: LACMIP loc. 2853, 29°36'N, 115°15’W. 

Geologic age: Late Cretaceous (latest Santonian?, Cam- 

panian to early Maastrichtian). 

Distribution: UPPERMOST SANTONIAN: Tentatively 

in the Chico Formation, Musty Buck Member, Chico 

Creek, Butte County, northern California; LOWER 

CAMPANIAN: Chico Formation, Ten Mile Member, Chi- 

co Creek, Butte County, northern California. MIDDLE 

CAMPANIAN: Tentatively in the Cedar District Forma- 

tion, Sucia Island, San Juan County, Washington. LOW- 

ER UPPER CAMPANIAN: Jalama Formation, Santa 

Barbara County, southern California. UPPER CAMPAN- 

IAN TO LOWER MAASTRICHTIAN: Upper part of 

Chatsworth Formation, Lang Ranch area, western Simi 

Hills, Ventura County, southern California; Rosario For- 

mation, ““Ammonite Ravine,’ Arroyo Santa Catarina, 

northern Baja California, Mexico. 

Discussion: The new species is known from approxi- 

mately 20 specimens. Preservation is mostly poor, but a 

few specimens have moderately good preservation. 

The new species is very similar to Opalia atra sp. nov. 

but differs from O. atra by having a slightly wider pleural 

angle; narrower, more numerous axial ribs that are more 
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prosocline; and nearly obsolete spiral striae between axial 

ribs. 

The new species is very similar to Opalia? mathew- 

sonii (Gabb, 1864), discussed below. The new species 

differs from O.? mathewsonii by having axial ribs that 

are unnoded, more prosocline and more uniform in width; 

nearly obsolete spiral striae between axial ribs; finer spi- 

ral sculpture; and obsolete axial ribs on basal disk. 

The new species is very similar to Opalia (Opalia?) 

fistulosa Sohl (1964:320-321, pl. 52, figs.1, 2) from 

Maastrichtian strata in Mississippi. The new species dif- 

fers from Sohl’s species by having an absence of fine 

punctae on the spiral lines covering the whorl sides and 

having weaker spiral sculpture on the basal disk. 

Opalia cavea is also very similar to Opalia (Opalia) 

sp. A Perrilliat et al. (2000:16, fig. 6.15) and Opalia 

(Opalia) sp. B Perrilliat et al. (2000:16, fig. 6.17), both 

from lower Maastrichtian strata of southern Mexico. Opa- 

lia cavea differs from these two species by having spiral 

striae that are nearly obsolete. Opalia (O.) sp. A and O. 

(O.) sp. B both have spiral ribs covering the whorl sides 

and crossing the axial ribs. In the former species, the 

spiral ribs are fine in strength, whereas in the latter spe- 

cies, they are medium in strength. 

Opalia cavea is also very similar to Epitonium faear- 

ium Dockery (1993:84, pl. 26, fig. 13; pl. 27, figs. 10, 

11; pl. 41, figs. 4, 5) from Campanian strata of Missis- 

sippi. Perrilliat et al. (2000) reported Epitonium cf. faear- 

ium from Maastrichtian strata of southern Mexico. Opalia 

cavea differs from E. faearium by having a wider pleural 

angle and axial ribs that are more prosocline. 

Opalia cavea sp. nov. is similar to Confusiscala 

uchauxensis Roman & Mazeran (1920:39, pl. 4, fig. 21) 

from Turonian strata of the Uchaux basin in southwestern 

France. Comparison is difficult because Roman & Ma- 

zeran only figured the dorsal view of their species. The 

new species differs from C. uchauxensis by having a 

more rounded last whorl and possibly one more axial rib 

per whorl on the more mature whorls. 

Webster (1983) provided a detailed index map of the 

type locality area of the new species. 

Etymology: The specific name cavea is Latin, meaning 

a cage for animals, and refers to the resemblance of the 

shell to an elongate cage for birds. 

Opalia? mathewsonii (Gabb, 1864) 

(Figures 9-11) 

Scalaria (Opalia) mathewsonii Gabb, 1864:212, pl. 32, fig. 

278; 1869, p. 223. 

Epitonium (Confusiscala) mathewsonti (Gabb). Stewart, 

1927:321—322, pl. 24, fig. 20. 

Opalia (Confusiscala) mathewsonii (Gabb). Durham, 1937: 

504, unfig. 

Not Opalia (Confusiscala) mathewsonii (Gabb)?. Durham, 

1937:504, pl. 56, fig. 23 (= holotype of Confusiscala? 

sulfurea Saul & Popenoe, 1993). 

Supplementary description: Shell medium (up to 27.8 

mm high), turriculate. Pleural angle approximately 22° 

(estimated). Protoconch and upper spire unknown. Teleo- 

conch whorls approximately seven to eight (estimated), 

rounded, suture slightly impressed and undulatory. Axial 

ribs stronger than spiral sculpture; axial ribs narrow, mi- 

nutely noded, moderately spaced, extending from suture 

to suture, not aligned from whorl to whorl, slightly pro- 

socline to orthocline, occasionally reflexed leftward near 

posterior suture, and approximately 15 (estimated) on last 

whorl. Spiral ribs very fine, very closely spaced, and 

crossing axial ribs. Basal keel prominent. Basal disk with 

very fine spiral ribs and irregularly spaced, weak and nar- 

row axial ribs. Aperture subcircular. 

Dimensions of holotype: Incomplete specimen of five 

whorls, height 22.1 mm, diameter 9.2 mm. 

Holotype: ANSP 4220. 

Type locality: Great Valley Series near Martinez, Contra 

Costa County, northern California (see “‘Discussion”’ be- 

low). 

Geologic age: Late Cretaceous (probably Campanian to 

early Maastrichtian). 

Distribution: MIDDLE CAMPANIAN: Tentatively in 

the Chatsworth Formation, Bell Canyon, eastern Simi 

Hills, Ventura County, southern California. EARLY TO 

LATE CRETACEOUS GREAT VALLEY SERIES: Cre- 

taceous rocks near Martinez, Contra Costa County, north- 

ern California. 

Discussion: The location of the type locality of O.? ma- 

thewsonii is uncertain, as it was given as “‘near’’ Marti- 

nez, Contra Costa County, northern California. Creta- 

ceous rocks in the vicinity of Martinez are in fault slivers 

and range in age from Albian to Maastrichtian. A partial 

specimen of a medium-large, poorly preserved individual 

from LACMIP loc. 26020 in the middle Campanian part 

of the Chatsworth Formation at Bell Canyon, eastern Simi 

Hills, southern California, is tentatively identified as O.? 

mathewsonit. Only two and one-half whorls are present, 

and they show 16 axial ribs, of variable width, crossed 

by fine spirals, and there appears to be remnants of axial 

nodes. This specimen lends support to the type locality 

of O.? mathewsonii being in Upper Cretaceous rocks rath- 

er than in Lower Cretaceous rocks. Saul & Popenoe 

(1993) surmised that the holotype of O.? mathewsonii is 

probably of Maastrichtian age. 

Opalia? mathewsonii is included in this present paper 

because it is similar to the two new species of Opalia 

illustrated and discussed here. The right-lateral and basal 

views (Figures 10, 11) of the holotype (ANSP 4220) are 

illustrated here for the first time. 
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Genus Amaea H. & A. Adams, 1853, sensu lato 

Type species: Scalaria magnifica Sowerby, 1844, by sub- 

sequent designation (Boury, 1909); Recent, Pacific coast 

of Japan. 

Diagnosis: Shell acuminate, whorls joined, and not um- 

bilicate. Protoconch smooth, conical, and polygrate. Su- 

ture impressed. Sculpture consisting of both axial and spi- 

ral ribs, usually cancellate (occasionally a few irregular 

varices). Basal keel prominent or weak (only a line and 

visible, or not, next to suture). Basal-disk sculpture sim- 

ilar to or unlike that on rest of teleoconch, axial ribs oc- 

casionally passing onto basal disk. Aperture ovate to 

quadrate (Clench & Turner, 1950; DuShane, 1974, 1979; 

Kilburn, 1985; Garvie, 1996; Neville, 2001). 

Discussion: Sixteen subgenera of Amaea were recog- 

nized by Wenz (1940), and eight subgenera of this genus 

were recognized by Weil et al. (1999). Attempts by us to 

place the following three new species into subgenera 

proved to be tenuous at best and overall most unsatisfac- 

tory. It seems that many of these subgenera were based 

on descriptions of single species. Some of them, espe- 

cially extinct genera like Coniscala de Boury, 1887 and 

Unidiscala de Boury, 1909, are rare, poorly preserved, 

not fully described, and poorly illustrated. Their defini- 

tions are very narrowly construed and impractical to use 

for intermediate forms, like those encountered in this 

study. Pending a thorough revision of the definitions of 

these subgenera, so that they include the concepts of var- 

iation and of incorporating similar species into one genus, 

we believe it to be prudent to heed the advice of Clench 

& Turner (1950) and use a rather broad interpretation of 

the better known taxa. In this paper, therefore, we use 

Amaea sensu lato. Its geologic range is late Early Creta- 

ceous (Albian) to Recent (Wenz, 1940). 

Amaea trifolia Squires & Saul, sp. nov. 

(Figures 12-14) 

Diagnosis: An Amaea with axial ribs strong, closely 

spaced, and reflected leftward near posterior suture. Spiral 

ribs weak, moderately widely spaced, not crossing axial 

ribs. Subsutural rib and sulcus posterior to subsutural rib. 

Basal keel weak, and weak axial ribs crossing onto basal 

disk. 

Description: Shell medium small (up to 28.3 mm high), 

turriculate, with high spire. Pleural angle approximately 

25°. Protoconch unknown. Teleoconch whorls approxi- 

mately nine (estimated), rounded, suture moderately im- 

pressed and usually containing a subsutural rib, with a 

sulcus posterior to subsutural rib. Axial ribs stronger than 

spiral sculpture; axial ribs moderately strong, closely 

spaced, half as broad as interspaces, occasionally irreg- 

larly spaced, extending from suture to suture, somewhat 

aligned on early whorls but much less so on later whorls, 
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opisthocyrt, reflexed leftward near posterior suture, and 

approximately 22 on last whorl, penultimate, and ante- 

penultimate whorls. Spiral ribs weak and closely spaced, 

approximately as broad as interspaces; spiral ribs much 

weaker and more closely spaced than axial ribs; spiral 

ribs faint to obsolete? on upper spire whorls, with a ten- 

dency to become stronger on later whorls; and spiral ribs 

extending onto sides of axial ribs but not across them. 

Basal keel weak, same width as axial ribs and noded 

where crossed by them. Basal disk with axial ribs much 

thinner than on last whorl with some becoming obsolete 

toward axis of shell; spiral ribs on basal disk crenulated, 

very fine, thinner, and more closely spaced than else- 

where on shell. Aperture ovate; inner lip with a smooth 

callus (at least in parietal region). 

Dimensions of holotype: Incomplete specimen of 6.5 

whorls; height 19.4 mm, diameter 8.13 mm. 

Holotype: LACMIP 12991. 

Type locality: LACMIP loc. 

122°4'20"W. 

24217, 40°36'40’N, 

Geologic age: Late Cretaceous (Santonian). 

Distribution: Redding Formation, Members V and VI of 

Popenoe (1943), east of Redding, Shasta County, north- 

ern California. 

Discussion: The above description is based on six spec- 

imens. Although much of the shell is missing on the last 

whorl and penultimate whorl of the holotype, the pres- 

ervation of the remaining shell is very good and much 

better than the other specimens, which are incomplete and 

more weathered. The pleural angle is somewhat difficult 

to measure on the holotype because the penultimate whorl 

is crushed. Spiral ribs were not observed on the upper- 

most spire whorls of this species, but this might be a 

result of preservation. 

The new species is most similar to Amaea pentzia sp. 

nov. and differs from it by having opisthocyrt axial ribs 

(rather than nearly straight ones), narrower axial ribs, 

subsutural rib and associated sulcus, basal keel, and no 

microscopic spiral striae and associated banding. 

The new species is similar to Amaea cerva sp. nov. 

and differs from it by having a subsutural rib and asso- 

ciated sulcus, a weaker basal keel, less prominent spiral 

ribs, and, therefore, an absence of subcancellate orna- 

mentation. In addition, the new species differs from A. 

cerva by having spiral ribs that are narrower, more uni- 

form in width, not crossing the axial ribs, and without 

interribs. 

Etymology: The specific name trilofia is Latin, meaning 

clover, and refers to the type locality in Clover Creek. 
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Amaea cerva Squires & Saul, sp. nov. 

(Figures 15-17) 

Diagnosis: An Amaea with subcancellate sculpture (axial 

ribs stronger than spiral ribs); narrow interspaces with 

occasional spiral interrib. Basal keel prominent. 

Description: Shell medium (up to 31.5 mm high), turri- 

culate, with high-acuminate spire. Pleural angle approxi- 

mately 23°. Protoconch unknown. Teleoconch whorls ap- 

proximately nine to 10 (estimated), rounded, suture mod- 

erately impressed. Sculpture subcancellate, with axial ribs 

stronger than spiral ribs. Axial ribs moderately strong, 

moderately spaced, and half as broad as interspaces. Ax- 

ial ribs extending from suture to suture, not usually 

aligned from whorl to whorl, mostly straight (orthocline), 

occasionally slightly reflexed leftward near posterior su- 

ture (especially on later whorls), and approximately 20 to 

22 on last whorl, penultimate, and ante-penultimate 

whorls. Spiral ribs numerous, crossing axial ribs, flat, var- 

iable width, narrower and more closely spaced on pos- 

terior part of whorls near suture, wide and straplike es- 

pecially on medial part of whorls, very closely spaced, 

and narrow interspaces with occasional interrib. Basal 

keel prominent. Axial ribs cross weakly onto basal disk, 

with some axial ribs becoming obsolete toward axis of 

shell; spiral ribs on basal disk crenulate, thinner and more 

closely spaced than elsewhere on shell. Aperture ovate; 

outer lip thin, without a thickened varix; inner lip thicker, 

reflected, and with thin callus wash extending onto basal 

disk. 

Dimensions of holotype: Incomplete specimen of 3.5 

whorls, height 20 mm, diameter 9.2 mm. 

Holotype: LACMIP 12992. 

Type locality: LACMIP loc. 

121°42'15"W. 

10849, 39°52'35"N, 

Geologic age: Late Cretaceous (Santonian). 

Distribution: Redding Formation, Member V (lower 

part) of Popenoe (1943), east of Redding, Shasta County, 

northern California; Chico Formation, Musty Buck Mem- 

ber, Chico Creek, Butte County, northern California. 

Discussion: The above description is based on approxi- 

mately 30 fragmental specimens. Preservation is moder- 

ately poor to poor, and no specimen has a complete, un- 

damaged aperture. 

The new species is most similar to Acrilla (Unidiscala) 

lolakensis Durham (1937:509—510, pl. 56, fig. 22) from 

the Paleocene Martinez Formation, stratigraphically situ- 

ated near the lower-upper Paleocene boundary at Lower 

Lake, Lake County, northern California (see Squires, 

1997). The new species differs from Durham’s species by 

having much wider spiral ribs with much narrower inter- 

spaces, and a secondary spiral rib only rarely in these 

interspaces. 
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Amaea cerva, sp. nov. is very similar to Amaea retic- 

ulata (Solander in Brander, 1766; Castell, 1975:pl. 17, fig. 

6) from the upper middle to lower upper Eocene Brack- 

lesham-Barton Beds, Hampshire basin, southern England. 

The new species differs by having larger size, wider and 

stronger axial and spiral ribs, fewer and much stronger 

spiral interribs, and spiral ribs that cross the axial ribs. 

The new species resembles somewhat Amaea trilofia, 

sp. nov. but differs from it by having subcancellate sculp- 

ture; stronger, more closely spaced, straighter, and flatter 

spiral ribs with an occasional interrib; no subsutural rib 

and associated sulcus; and a stronger basal keel. 

Etymology: The specific name cerva is Latin, meaning 

deer or buck, and refers to the Musty Buck Member. 

Amaea pentzia Squires & Saul, sp. nov. 

(Figures 18—20) 

Diagnosis: An Amaea with axial ribs strong, closely 

spaced, and nearly straight. Spiral sculpture consisting of 

microscopic spiral striae occurring in bands; spiral groove 

near change in sculpture on basal part of last whorl. 

Description: Shell medium (up to 28.2 mm high), turri- 

culate, with high spire. Pleural angle approximately 23°. 

Protoconch unknown. Teleoconch whorls approximately 

seven to eight (estimated), rounded, suture moderately 

impressed. Axial ribs narrow, prominent, relatively close- 

ly spaced, and approximately two-thirds as broad as in- 

terspaces. Axial ribs extending from suture to suture, 

somewhat aligned on later whorls but much less so on 

early whorls, nearly straight, slightly prosocline, occa- 

sionally slightly reflexed leftward near posterior suture, 

28 on last whorl, 23 on penultimate whorl, and 17 on 

ante-penultimate whorl. Spiral striae microscopic, not 

crossing axial ribs, numerous, very closely spaced, oc- 

curring in white and yellow narrow bands, with both 

types becoming wider, and white bands becoming slightly 

elevated on penultimate and last whorls. Basal part of last 

whorl with narrow-spiral groove; axial ribs extending 

short distance beyond spiral groove and transitioning into 

faint axial ribs extending toward axis of shell but becom- 

ing obsolete before reaching axis; anterior end of base of 

last whorl with some fine, closely spaced spiral ribs. Ap- 

erture ovate; inner lip with smooth callus. 

Dimensions of holotype: Incomplete specimen of 5.5 

whorls, height 28.2 mm, diameter 11.3 mm. 

Holotype: LACMIP 12993. 

Type locality: LACMIP loc. 24340, 39°39'08’N, 

121°35'50"W. 

Geologic age: Late Cretaceous (early Campanian). 

Distribution: Chico Formation, Pentz Road Member, 

Pentz area, Butte County, northern California. 



Page 30 The Veliger, Vol. 46, No. 1 

Discussion: The above description is based on a single 

specimen, whose preservation is generally good. The last 

whorl has been subject to abrasion, resulting in the spiral 

striae not being discernible there, even when viewed by 

means of a microscope. The spiral bands, nevertheless, 

are evident on the last whorl. 

The new species resembles Amaea trifolia, sp. nov. but 

differs from it by having larger size, straighter and wider 

axial ribs, microscopic spiral striae and associated band- 

ing, no subsutural rib and associated sulcus, and a nar- 

row-spiral groove rather than a basal keel. 

Etymology: The specific name pentzia refers to the type 

locality near the hamlet of Pentz. 

Genus Belliscala Stephenson, 1941 

Type species: Belliscala rockensis Stephenson, 1941, by 

original designation; Upper Cretaeous (Campanian to 

Maastrichtian), Texas. 

Diagnosis: Shell conical-turriculate, whorls joined, 

rounded, and not umbilicate. Suture impressed. Sculpture 

consisting of rounded axial ribs and weaker spiral threads. 

Base rounded without a well developed disk (Stephenson, 

1941; Dockery, 1993). 

Discussion: Sohl (1964) indicated that the lack of a dis- 

tinct basal disk in Belliscala suggests placement close to 

Acirsa Morch, 1857. 

Prior to this study, Belliscala had only been reported 

from Upper Cretaceous (near the boundary of the lower/ 

middle Campanian to Maastrichtian) rocks of the south- 

ern United States (east Texas and northeast Mississippi) 

(Stephenson, 1941; Sohl, 1964; Dockery, 1993). The new 

occurrences reported here extend the geologic range of 

this genus back to the Coniacian and extend its geograph- 

ic range to the Pacific slope of North America, as far 

north as Sucia Island, Washington. Although at least one 

of the southern United States Campanian species of Bel- 

liscala closely resembles one of the Pacific coast species 

(see “Discussion” of Belliscala meta, sp. nov. below), 

the southern United States Maastrichtian species of Bel- 

liscala differ from the Pacific slope ones by having very 

weak spiral ribs that do not cross the axials and an ab- 

sence of nodes on the whorls. 

Perrilliat et al. (2000) reported a Belliscala sp. from 

Maastrichtian strata of southern Mexico. Although the 

figured specimen of Belliscala sp. Perrilliat et al. (2000: 

fig. 6.16) is incomplete, its very convex whorls, non- 

rounded axial ribs, and very weak spiral threads strongly 

suggest that it is an Opalia. 

Belliscala petra Squires & Saul, sp. nov. 

(Figures 21—25) 

Diagnosis: A Belliscala with approximately 18 axial ribs 

on last whorl, axial and spiral ribs moderately spaced and 

moderately swollen. Strong development of a finer inter- 

rib between spiral ribs on most of shell. Intersections of 

axial and spiral ribs with low nodes. Axial ribs weak to 

moderately weak on base of last whorl. 

Description: Shell small (up to approximately 16.6 mm 

high), conical, with moderately high spire. Pleural angle 

approximately 34°. Protoconch unknown. Teleoconch 

whorls approximately eight (estimated), flatly rounded 

medially, with a slight subsutural ramp and glossy sur- 

face; suture moderately impressed. Whorls with subcan- 

cellate sculpture, axial ribs stronger than spiral sculpture, 

intersections of ribs with low nodes, usually elongate but 

occasionally swollen-beaded on shoulder of last whorl. 

Axial ribs broadly rounded, extending from suture to su- 

ture, not usually aligned from whorl to whorl, straight, 

prosocline, and becoming more irregular and numerous 

near outer lip. Axial ribs on immature specimens (less 

than 13 mm in height) approximately 16 on last whorl, 

and 13 to 14 on penultimate and ante-penultimate whorls. 

Axial ribs on mature specimens moderately spaced, ap- 

proximately 18 on last whorl, and 13 to 14 on penultimate 

and ante-penultimate whorls. Spiral ribs on spire and pos- 

terior part of last whorl moderately spaced, crossing axial 

ribs, narrower than interspaces, and usually with one finer 

Figures 21-38. Specimens coated with ammonium chloride. Figures 21—25. Belliscala petra Squires & Saul, sp. 

nov., east of Redding. Figures 21—23. Holotype LACMIP 12994, LACMIP loc. 24246, 4.2. Figure 21. Apertural 

view. Figure 22. Abapertural view. Figure 23. Basal view. Figure 24. Paratype LACMIP 12995, LACMIP loc. 

24246, apertural view, 3.3. Figure 25. Paratype LACMIP 12996, LACMIP loc. 10794, apertural view, 4.2. 

Figures 26-33. Belliscala meta Squires & Saul, sp. nov. Figures 26—27. Holotype LACMIP 12997, LACMIP loc. 

23635, Chico Creek, 3.3. Figure 26. Apertural view. Figure 27. Abapertural view. Figure 28. Paratype LACMIP 

12998, LACMIP loc. 23634, basal view, X3.2. Figures 29-30. Paratype USNM 46851, USGS Mesozoic loc. M8610, 

Pigeon Point, slightly crushed, 5.1. Figure 29. Apertural view. Figure 30. Abapertural view. Figures 31—32. 

Paratype LACMIP 12999, LACMIP loc. 23648, Chico Creek, 4.4. Figure 31. Apertural view. Figure 32. Aba- 

pertural view. Figure 33-38. Belliscala suciense (Whiteaves, 1879). Figure 33. Lectotype GSC 5764b, Sucia Island, 

abapertural view, *4.7. Figure 34. Hypotype GSC 5930, Sucia Island, apertural view, <4.2. Figures 35-36. Hy- 

potype LACMIP 13000, LACMIP loc. 10449, Sucia Island, <3.9. Figure 35. Apertural view. Figure 36. Basal view. 

Figure 37. Hypotype LACMIP 13001, Sucia Island, abapertural view, *4.8. Figure 38. Hypotype LACMIP 13002, 

VIIP loc. 10715, Simi Hills, abapertural view, <3.9. 
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intercalated rib; four spiral ribs on spire and five on pos- 

terior part of last whorl. Sculpture on basal part of last 

whorl consisting of weak axial ribs and closely spaced, 

five to six spiral ribs (three posterior ones strongest), 

commonly beaded or occasionally unbeaded, and broader 

than interspaces. Aperture oval; inner lp callused, 

smooth; anterior end of aperture thickened and slightly 

produced anteriorly. 

Dimensions of holotype: Incomplete specimen of 5.5 

whorls, height 12.8 mm, diameter 5.9 mm. 

Holotype: LACMIP 12994. 

Type locality: LACMIP loc. 24246, 40°37'45’N, 

122°04'50"W. 

Paratypes: LACMIP 12995 to 12996. 

Geologic age: Late Cretaceous (Santonian). 

Distribution: Redding Formation, Members V and VI of 

Popenoe (1943), east of Redding, Shasta County. 

Discussion: The new species is based on 20 specimens. 

About half show good preservation, but the apices are 

usually broken off. The other specimens are mostly in- 

ternal molds. The spiral ribs on the base of the last whorl 

of Belliscala petra are more closely spaced than else- 

where on the shell, and this close spacing, along with 

usually weaker axial ribs than elsewhere on the shell, im- 

parts a weak, basal disklike appearance. 

Belliscala petra is most similar to Belliscala suciense 

(Whiteaves, 1879) and differs from Whiteaves’s species 

by having a narrower pleural angle; axial ribs that are 

more numerous, more swollen, more closely spaced, and 

not obsolete on the base of the last whorl; as well as by 

having swollen nodes rather than pointed nodes where the 

axial and spiral ribs intersect, and a stronger spiral inter- 

rib. 

Belliscala petra differs from Belliscala meta, sp. nov. 

by having a less variable pleural angle, a less stout shell, 

non-subtabulate whorls, fewer axial ribs that are more 

widely spaced and not obsolete on the base of the last 

whorl, stronger spiral ribs, more swollen nodes weaker at 

intersections of axial and spiral ribs, as well as having a 

good development of spiral ribs with an interrib. 

Etymology: The specific name petra is Greek, meaning 

stone. 

Belliscala meta Squires & Saul, sp. nov. 

(Figures 26—32) 

Bittiscala suciense (Whiteaves, 1879). Elder & Saul, 1993: 

pl. 2, fig. 9. 

Not Cerithium lallierianum, var. suciense Whiteaves, 1879: 

122-123, pl. 15, figs. 10, 10a. 

agnosis: A Belliscala with stout shell, whorls subtabu- 

pproximately 22 to 25 axial ribs on last whorl. 

The Veliger, Vol. 46, No. 1 

Axial and spiral ribs closely spaced and swollen. Axial 

ribs on shoulder of whorls usually almost nodular. Ap- 

proximately seven to eight closely spaced spiral ribs on 

most of shell, spiral interrib development uncommon. Ax- 

ial ribs obsolete on base of last whorl. 

Description: Shell small (up to 17.5 mm high), stout and 

conical, with moderately high spire. Pleural angle ap- 

proximately 34°. Protoconch unknown. Teleoconch 

whorls approximately seven to eight (estimated), flatly 

rounded medially, and narrowly subtabulate posteriorly; 

suture moderately impressed. Upper spire whorls with 

cancellate sculpture, remaining whorls (except for base of 

last whorl) with subcancellate sculpture, axial ribs stron- 

ger than spiral sculpture, intersections of ribs almost nod- 

ular at shoulder, lowly noded elsewhere on shell. Axial 

ribs round-topped, closely spaced, extending from suture 

to suture, not usually aligned from whorl to whorl, 

straight, slightly prosocline, and slightly reflexed leftward 

near posterior suture. Axial ribs becoming less prominent, 

more irregular, and numerous near outer lip. Axial ribs 

on immature specimens (less than 13 mm in height) 17 

to 20 on last whorl, and approximately 17 on penultimate 

and ante-penultimate whorls. Axial ribs on mature spec- 

imens 22 to 25 on last whorl, and 17 to 19 on penultimate 

and ante-penultimate whorls. Spiral ribs, moderately 

spaced, crossing axial ribs, on spire consisting of seven 

to eight, flat-topped spiral ribs narrower than interspaces; 

on some specimens (immature or mature) finer interca- 

lated rib (usually on anterior medial portion of last whorl) 

occasionally present, and, on most specimens intercalated 

ribs approaching other spiral ribs in strength. Sculpture 

on basal part of last whorl consisting of approximately 

seven spiral ribs (three posterior ones strongest), beaded 

or unbeaded, and broader than interspaces; axial ribs ob- 

solete. Aperture ear-shaped, pointed posteriorly with 

broad shallow anterior notch at base of columella; outer 

lip broadly arched apparently without varix, inner lip well 

defined, callused, smooth, and somewhat reflexed ante- 

riorly. 

Dimensions of holotype: Incomplete specimen of five 

whorls, height 16.3 mm, diameter 8.9 mm. 

Holotype: LACMIP 12997. 

Paratypes: LACMIP 12998 and 12999. 

Type locality: LACMIP loc. 23635, 39°51'06’N, 

121°42'40"W. 

Geologic age: Late Cretaceous (latest Santonian to early 

Campanian, middle? Campanian). 

Distribution: UPPERMOST SANTONIAN: Chico For- 

mation, uppermost part of Musty Buck Member, Chico 

Creek, Butte County, northern California. LOWER 

CAMPANIAN: Chico Formation, Ten Mile Member, Chi- 

co Creek, Butte County, northern California; Ladd For- 
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mation, middle part of the Holz Shale Member, Santa Ana 

Mountains, Orange County, southern California. PROB- 

ABLE LOWER MIDDLE CAMPANIAN: Pigeon Point 

Formation, southern sequence, San Mateo County, north- 

ern California (Elder & Saul, 1993). 

Discussion: Specimens are abundant at most localities, 

but they are usually somewhat weathered. The species is 

represented by approximately 100 variously preserved 

specimens, and nearly all are from the Chico Formation. 

The stratigraphic interval encompassed by these locali- 

ties, all of which are in either the Musty Buck or the Ten 

Mile members of this formation, is approximately 600 m, 

and the age is near the Santonian/Campanian boundary. 

Only a single specimen of the new species is known 

from the Pigeon Point Formation specimen (slightly 

crushed). This specimen was illustrated by Elder & Saul 

(1993) and is also illustrated here, as two new views (Fig- 

ures 29, 30). The age of the southern sequence of this 

formation, from which the specimen of B. meta was ob- 

tained, is problematic because of limited exposures, fault- 

ing, and a paucity of age-diagnostic fossils. Elder & Saul 

(1993) concluded that the age is probably middle Cam- 

panian. 

Beliiscala meta is most similar to Belliscala lirata 

Dockery (1993:86, pl. 26, fig. 6) from the Chapelville 

fossiliferous horizon within the Tupelo Tongue of the 

Coffee Sand in northeast Mississippi. According to Dock- 

ery (1993), the geologic age of this fossiliferous horizon 

is near the early/middle Campanian boundary. Belliscala 

meta differs from B. lirata by being smaller and by hav- 

ing many more axial ribs on the last whorl (22 to 25 

rather than 15). 

Belliscala meta differs from Belliscala petra by having 

subtabulate whorls, more numerous axial and spiral ribs 

that are also more closely spaced, almost nodular axial 

ribs at shoulder, much narrower interspaces between spi- 

ral ribs, only rare development of intercalated spiral ribs, 

and obsolete axial ribs on base of last whorl. 

Belliscala meta differs from Belliscala suciense (Whi- 

teaves, 1879) by having a narrower pleural angle, whorls 

that are subtabulate posteriorly, more numerous axial and 

spiral ribs that are more closely spaced, more swollen 

axial ribs, much narrower interspaces between spiral ribs, 

only rare development of intercalated spiral ribs, inter- 

sections of axial and spiral ribs with low nodes rather 

than projecting nodes, and obsolete rather than occasion- 

ally weak axial ribs on base of last whorl. 

Etymology: The specific name meta is Latin, meaning a 

conical column. 

Belliscala suciense (Whiteaves, 1879) 

(Figures 33-38) 

Cerithium lallierianum, var. suciense Whiteaves, 1879:122— 

123, pl. 15, figs. 10, 10a. 

Mesostoma suciense Whiteaves, 1903:359—360, pl. 44, 

fig. 7. 

Bittiscala sp. Dailey & Popenoe, 1966:fig. 3 [= a faunal 

list]. 

? “Potamides tenuis’? nanaimoensis (Whiteaves, 1879). El- 

der & Saul, 1996:392, figs. 5—28. 

Diagnosis: A Belliscala with whorls bearing a weak 

ramp. Approximately 15 to 17 axial ribs on last whorl. 

Axial ribs and spiral ribs moderately spaced but narrow. 

Strong development of a finer interrib between spiral ribs 

on most of shell. Intersections of axial and spiral ribs with 

projecting nodes. Axial ribs weak to obsolete on base of 

last whorl. 

Supplemental description: Shell small (up to 15.6 mm 

high), conical to turriculate, with moderately high spire. 

Pleural angle approximately 40°. Protoconch unknown. 

Teleoconch whorls approximately eight (estimated), 

rounded, with a weak subsutural ramp and glossy surface; 

suture slightly impressed. Upper spire whorls cancellate, 

remaining part of shell subcancellate, axial ribs stronger 

than spiral sculpture, intersections of ribs with projecting 

nodes. Axial ribs narrow, moderately to widely spaced, 

extending from suture to suture, not usually aligned from 

whorl to whorl, straight, orthocline on early whorls, pro- 

socline on later whorls, and very slightly reflexed left- 

ward near posterior suture. Axial ribs becoming less 

prominent, more irregular, and numerous near outer lip. 

Axial ribs on immature specimens (less than 13 mm in 

height) approximately 13 on last whorl, penultimate, and 

ante-penultimate whorls. Axial ribs on mature specimens 

approximately 15 to 17 on last whorl, and approximately 

13 on penultimate and ante-penultimate whorls. Spiral 

ribs moderately widely spaced, crossing axial ribs. On 

spire, spiral sculpture of four, flat-topped spiral ribs much 

narrower than interspaces with occasionally one finer in- 

tercalated rib; anterior basal portion of last whorl with 

approximately six very fine spiral ribs (two posterior ones 

strongest), and narrower than interspaces. Sculpture on 

basal part of last whorl consisting of several widely 

spaced, weak to moderately strong, spiral ribs usually 

with one or more, finer intercalated spiral ribs; axial ribs 

weak or obsolete. Aperture ovate; inner lip smooth. 

Dimensions of lectotype: Incomplete specimen of seven 

whorls, height 9.5 mm, diameter 5.2 mm. 

Lectotype: GSC 5764b, designated here. 

Paralectotypes: GSC 5764, 5764a, 5764c—h, designated 

here. 

Type locality: Sucia Island, San Juan County, Washing- 

ton. 

Geologic age: Late Cretaceous (Middle to early late 

Campanian). 

Distribution: MIDDLE CAMPANIAN: Cedar District 

Formation, Sucia Island, San Juan County, Washington 
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(Whiteaves, 1879, 1903); Chatsworth Formation, eastern 

Simi Hills, Los Angeles and Ventura counties, southern 

California. UPPER MIDDLE CAMPANIAN: Williams 

Formation, Pleasants Sandstone Member, Orange County, 

southern California. LOWER UPPER CAMPANIAN: Ja- 

lama Formation, Santa Barbara County, southern Califor- 

nia. UPPER MIDDLE CAMPANIAN TO UPPER CAM- 

PANIAN UNDIFFERENTIATED: Spray Formation, 

northwest Hornby Island, Vancouver Island area, British 

Columbia (Elder & Saul, 1996:392). 

Discussion: Specimens are abundant at many of the lo- 

calities in the Cedar District Formation, but they are usu- 

ally immature ones and missing much of their shell. Only 

a few specimens were found in the other formations, and 

these specimens are usually poorly preserved mature 

ones. 

Whiteaves (1903) assigned the Late Cretaceous epito- 

niid species suciense, intermedium, and newcombii to ge- 

nus Mesostoma Deshayes, 1861, but the latter name is 

preoccupied by Mesostoma Ehrenberg, 1837, a turbellar- 

ian flatworm (Sohl, 1960:92), and preoccupied by Me- 

sostoma Heude, 1886, a gastropod. According to Palmer 

(1937) and Wenz (1940), Mesostoma Deshayes, 1861, is 

also the junior synonym of Cerithioderma Conrad, 1860. 

It is generally inadvisable to include a faunal-list ref- 

erence of a species in a synonymy because the exact spec- 

imens are seldom known for purposes of documentation. 

In the case of the Jalama Formation, however, all the 

specimens listed by locality in Dailey & Popenoe (1966: 

fig. 3) are in the LACMIP collection and were seen by 

us. All are Belliscala suciense. 

Elder & Saul (1996:392) mentioned that one of the 

syntypes of ““Potamides tenuis’ nanamimoensis Whi- 

teaves, 1879, GSC 5763b, resembles Belliscala suciense. 

Elder & Saul (1996:fig. 5—28) also figured this syntype. 

Much of the sculpture is obliterated, thus the specimen 

can be only questionably identified as B. suciense. This 

specimen is probably from the Spray Formation on the 

northwest side of Hornby Island, east coast of Vancouver 

Island, British Columbia. According to Elder & Saul 

(1996), depending on which part of this formation it is 

from, the specimen could be either late middle to early 

late Campanian or late Campanian in age. 

Elder & Saul (1993) placed Whiteaves’ species in ge- 

nus Bittiscala Finlay & Marwick (1937), known from two 

species in lower Paleocene (Danian) rocks of New Zea- 

land. Finlay & Marwick (1937) mentioned that their ge- 

nus strongly resembles certain early members of the Ep- 

itoniidae, but they concluded that Bittiscala should be 

placed in family Cerithiidae. Belliscala differs from Bit- 

tiscala in having a conical rather than a cerithiform shape, 

a shorter spire, a wider pleural angle, and a sculpture 

where axial ribs rather than spiral ribs dominate. 

Scalaria philippi Reuss (1846:114, pl. 44, figs. 14a, b; 

Pervinquiere, 1912:61, pl. 3, figs. 19, 20) from Ceno- 

manian strata of Tunisia strongly resembles Belliscala su- 

ciense, which differs from S. philippi by having second- 

ary spiral ribs. 

Genus Acirsa Morch, 1857 

Type species: Scalaria eschrichti Holb6ll in Mller, 

1842, by subsequent designation (Bouchet & Warén, 

1986); Recent, northwest Atlantic. 

Diagnosis: Shell acuminate, whorls joined (with only a 

moderately impressed suture), and not umbilicate. Sculp- 

ture much reduced, may be spiral or axial or both; incised 

spiral grooves usually present. Basal keel absent. Basal 

disk indistinct but may be defined by a subperipheral 

ridge (Clench & Turner, 1950; DuShane, 1974, 1979; Kil- 

burn, 1985; Bouchet & Warén, 1986; Dockery, 1993; Ne- 

ville, 2001). 

Discussion: Bouchet & Warén (1986) treated Hemiacirsa 

de Boury, 1890, Pleisoacirsa de Boury, 1909, and Pseu- 

doacirsa Kobelt, 1903, as synonyms of Acirsa. The pro- 

toconch of S. eschrichti indicates direct development 

(Bouchet & Warén, 1986). Today, Acirsa is a cold-water 

genus (Kilburn, 1985). 

According to Kase (1984), Acirsa (Hemiacirsa) ofun- 

atoensis Kase (1984:165, pl. 28, fig. 15) from Barremian 

(Lower Cretaceous) strata in Japan is the earliest record 

of Acirsa. He also reported Acirsa (Hemiacirsa) miyak- 

Figures 39-56. Specimens coated with ammonium chloride, unless otherwise stated. Figures 39—41. Acirsa alpha 

Squires & Saul, sp. nov., holotype LACMIP 13003, LACMIP loc. 23628, Chico Creek, <4. Figure 39. Apertural 

view. Figure 40. Abapertural view. Figure 41. Basal view. Figures 42—44. Acirsa beta Squires & Saul, sp. nov., 

holotype LACMIP 13004, LACMIP loc. 23634, Chico Creek. Figure 42. Apertural view, <2.9. Figure 43. Aba- 

pertural view, 2.9. Figure 44. Basal view, 3.3. Figures 45-47. Acirsa obtusa (White, 1889). Figures 45, 46. 

Lectotype USNM 20116a, Pentz area, specimen uncoated, 3.1. Figure 45, apertural view. Figure 46. Abapertural 

view. Figure 47. Hypotype LACMIP 13005, LACMIP loc. 24340, Pentz, basal view, 3.5. Figures 48-51. Acirsa 

delta Squires & Saul, sp. nov. LACMIP loc. 23635, Chico Creek. Figures 48-50. Holotype LACMIP 13006, x2.2. 

Figure 48. Apertural view. 49. Abapertural view. 50. Basal view. Figure 51. Paratype LACMIP 13007, abapertural 

view, 3.3. Figures 52—54. Acirsa epsilon Squires & Saul, sp. nov., holotype LACMIP 13008, LACMIP loc. 23639, 

Chico Creek, X3.5. Figure 52. Apertural view. Figure 53. Abapertural view. Figure 54. Basal view. Figures 55-56. 
Acirsa nexilia (White, 1889), USNM lectotype 20119a, Pentz area, <4.6. Figure 55. Apertural view. Figure 56. 

Abapertural view. 
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oensis (Nagao, 1934:241—242, pl. 38, figs. 11, 12; Kase, 

1984:164—-165, pl. 28, figs. 13, 14) from Aptian/Albian 

(Lower Cretaeous) strata of Japan. Both of these species 

have a strong basal keel, strong axial ribs, and very fine 

spiral ribs, and they resemble Confusiscala and Opalia 

more than they do the Acirsa described in this present 

report. Dockery (1993) reported the geologic range of 

Acirsa to be Late Cretaceous (Campanian) to Recent. 

Acirsa is well represented in Maastrichtian strata of 

Mississippi and Tennessee (Sohl, 1964; Dockery, 1993), 

but all of these species have narrower pleural angles than 

those of the new species described here. 

Acirsa alpha Squires & Saul, sp. nov. 

(Figures 39—41) 

Diagnosis: An Acirsa with fine, subcancellate sculpture. 

Axial ribs predominant. Spiral ribs somewhat wavy, 

closely spaced, relatively broad, and with shallow inter- 

spaces containing a distinct interrib on anterior part of 

mature whorls. 

Description: Shell small (up to 13.9 mm high), elongate 

conical, with high spire. Pleural angle approximately 25°. 

Protoconch unknown. Teleoconch whorls approximately 

seven to eight (estimated), lowly rounded, somewhat flat- 

tish; suture moderately impressed. Sculpture subcancel- 

late, axial ribs stronger than spiral ribs. Axial ribs mod- 

erately high, relatively wide, approximately as broad as 

interspaces, prosocline, approximately 20 on last whorl, 

and 21 on penultimate whorl. Spiral ribs fine, wavy, ap- 

proximately six on penultimate whorl, and nine on last 

whorl posterior to basal part of whorl. Interspaces be- 

tween spiral ribs on penultimate and last whorls shallow, 

narrow, and with a single distinct, wavy, very narrow 

interrib on anterior halves of these two whorls. No basal 

keel. Sculpture on basal part of last whorl consisting of 

approximately nine, very fine to fine spiral ribs (no in- 

terrib) crossed by growth lines; axial ribs obsolete. Ap- 

erture subcircular; inner lip with a narrow callus. 

Dimensions of holotype: Incomplete specimen of 4.5 

whorls, height 13.9 mm, diameter 6.5 mm. 

Holotype: LACMIP 13003. 

Type locality: LACMIP loc. 23628, 39°51'15"N, 

121°42'35’W. 

Geologic age: Late Cretaceous (latest Santonian). 

Distribution: Chico Formation, Musty Buck Member, 

Chico Creek, Butte County, northern California. 

Discussion: The above description is based on a single 

specimen, which is well preserved. 

Acirsa alpha is most similar to Acirsa delta, sp. nov. 

id differs from it by having stronger and broader axial 

(9s with narrower interspaces, fewer axial ribs, wavy and 
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broader spiral ribs, a spiral interrib, a non-beaded look, 

and slightly flatter whorl sides. Acirsa alpha is similar to 

Acirsa nexilia (White, 1889), discussed later, and differs 

from it by having broader axial ribs that are more closely 

spaced and with non-sunken interspaces. 

Etymology: The specific name alpha is the first letter of 

the Greek alphabet. 

Acirsa beta Squires & Saul, sp. nov. 

(Figures 42—44) 

Diagnosis: An Acirsa with extremely fine cancellate 

sculpture. Intersections minutely beaded. Basal part of 

last whorl with extremely fine, very faintly beaded spiral 

ribs. 

Description: Shell medium small (up to approximately 

17.7 mm high), conical, with moderately high spire. Pleu- 

ral angle approximately 33°. Protoconch unknown. Teleo- 

conch whorls approximately eight (estimated), lowly 

rounded, somewhat flattish; suture moderately impressed. 

Sculpture minutely cancellate, consisting of many very 

fine spiral ribs crossed by approximately equal-strength 

growth lines with intersections minutely beaded; approx- 

imately 17 spiral ribs on penultimate whorl and on pos- 

terior part of last whorl. No basal keel. Spiral ribs on 

basal part of last whorl finer than elsewhere and very 

faintly beaded. Aperture oval. 

Dimensions of holotype: Nearly complete specimen of 

5.5 whorls, height 17.7 mm, diameter 8.8 mm. 

Holotype: LACMIP 13004. 

Type locality: LACMIP loc. 

121°42'30"W. 

23624, 39°52’25’N, 

Geologic age: Late Cretaceous (latest Santonian to early 

Campanian). 

Distribution: UPPERMOST SANTONIAN: Chico For- 

mation, Musty Buck Member, Chico Creek, Butte Coun- 

ty, northern California. LOWER CAMPANIAN: Chico 

Formation, Ten Mile Member, Chico Creek, Butte Coun- 

ty, northern California. 

Discussion: The above description is based on nine spec- 

imens, all of which have generally good preservation. 

The new species is unlike the other Acirsa spp. nov. in 

having such minute cancellate sculpture and no axial ribs 

(only growth lines). 

Etymology: The specific name beta is the second letter 

of the Greek alphabet. 

Acirsa obtusa (White, 1889) 

(Figures 45—47) 

Mesalia obtusa White, 1889:20:pl. 4, figs. 6, 7. 

Diagnosis: An Acirsa with spiral ribs only. Interspaces 
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between ribs with prominent growth lines producing a 

‘‘pitted appearance.”’ Anteriormost part of last whorl with 

similar sculpture but thinner spiral ribs. 

Description: Shell medium small (up to 22.5 mm high), 

elongate conical, with moderately high spire. Pleural an- 

gle approximately 30°. Protoconch unknown. Teleoconch 

whorls approximately seven to eight (estimated), very 

lowly rounded, flattish; suture slightly impressed. Teleo- 

conch sculpture of fine, closely spaced, smooth spiral 

ribs, interspaces narrower than ribs and with prominent 

growth lines giving “‘pitted appearance”’ to shell; spiral 

ribs numerous, with approximately nine on penultimate 

and ante-penultimate whorls, and approximately 20 on 

last whorl; spiral ribs on base of last whorl thinner than 

elsewhere. Aperture oval; inner lip smooth on anterior 

part. 

Dimensions of holotype: Mostly complete specimen of 

5.5 whorls, height 18.4 mm, diameter 7.5 mm (slightly 

crushed). 

Lectotype: USNM 20116a, designated here. 

Type locality: Near Pentz, northern California, 

39°39'08"N, 121°35'50"W. 

Geologic age: Late Cretaceous (late Santonian to early 

late Campanian). 

Distribution: UPPER SANTONIAN: Chico Formation, 

Musty Buck Member, Chico Creek, Butte County, north- 

erm California. LOWER CAMPANIAN: Chico Forma- 

tion, Pentz Road member (informal), Pentz area, Butte 

County, northern California. LOWER UPPER CAM- 

PANIAN: Jalama Formation, Santa Barbara County, 

southern California. 

Discussion: The above description is based on nine spec- 

imens, all of which have generally good preservation. 

One specimen from the Jalama Formation at LACMIP 

loc. 24108 shows that the spiral ribs next to the posterior 

suture can be wider than the other spiral ribs. 

Acirsa delta Squires & Saul, sp. nov. 

(Figures 48—51) 

Diagnosis: An Acirsa with fine, subcancellate sculpture. 

Axial ribs very slightly stronger than spiral ribs. Inter- 

sections producing a beaded-look. Spiral ribs closely 

spaced, relatively broad, and separated by much narrower 

linear grooves. Basal part of last whorl with fine, un- 

beaded spiral ribs. 

Description: Shell medium (up to 24 mm high), elongate 

conical, with high spire. Pleural angle approximately 30°. 

Protoconch unknown. Teleoconch whorls approximately 

seven to eight (estimated), lowly rounded, somewhat flat- 

tish; suture slightly impressed. Sculpture subcancellate, 

slight beads at intersections of ribs, and axial ribs very 
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slightly stronger than spiral ribs on whorls anterior to 

uppermost spire. Axial ribs narrow, low, closely spaced, 

approximately half as broad as interspaces, prosocline, 

approximately 36 to 39 on last whorl and penultimate 

whorls, and approximately 33 on ante-penultimate whorl. 

Spiral ribs, fine, closely spaced, and approximately 10 on 

penultimate whorl and on last whorl posterior to basal 

part. Interspaces between spiral ribs moderately deep, lin- 

ear-grooved, and approximately one-half as broad as ribs. 

No basal keel. Sculpture on basal part of last whorl con- 

sisting of approximately 10 to 12 spiral ribs, closer 

spaced than elsewhere on teleoconch, and crossed by 

growth lines; axial ribs obsolete. Aperture oval; inner lip 

with smooth callus. 

Dimensions of holotype: Nearly complete specimen of 

six whorls, height 24 mm, diameter 10.2 mm. 

Holotype: LACMIP 13006. 

Type locality: LACMIP loc. 23635, 39°51'06’N, 

121°42'40’"W. 

Paratype: LACMIP 13007. 

Geologic age: Late Cretaceous (earliest Campanian). 

Distribution: Chico Formation, Ten Mile Member, Chico 

Creek, Butte County, northern California. 

Discussion: The above description is based on seven 

specimens. Although some are fragments, they have 

mostly good preservation. 

Acirsa delta is most similar to Acirsa epsilon, sp. nov. 

but differs from it by having wider spirals, closer spaced 

spirals, less obvious axial ribs, and not having sunken 

rectangular interspaces between intersections of axial and 

spiral ribs. The new species is similar to Acirsa obtusa 

(White) but differs from it by having axial ribs, stronger 

spiral ribs, and a beaded rather than a pitted appearance. 

Etymology: The specific name delta is the fourth letter 

of the Greek alphabet. 

Acirsa epsilon Squires & Saul, sp. nov. 

(Figures 52—54) 

Diagnosis: A small Acirsa with cancellate sculpture. Ax- 

ial ribs slightly stronger than spiral ribs. Axial ribs narrow 

and closely spaced, approximately 27 on penultimate 

whorl. Sunken rectangular interspaces between intersec- 

tions of axial and spiral ribs. Basal part of last whorl with 

very fine and minutely beaded cancellate sculpture. 

Description: Shell small (up to 15.3 mm high), elongate 

conical, with moderately high spire. Pleural angle ap- 

proximately 28°. Protoconch unknown. Teleoconch 

whorls approximately seven to eight (estimated), round- 

ed; suture very slightly impressed. Sculpture cancellate, 

axial ribs slightly stronger than spiral ribs, intersections 
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minutely beaded, and sunken rectangular interspaces be- 

tween intersections of axial and spiral ribs. Axial ribs 

narrow, closely spaced, approximately one-third as broad 

as interspaces, extending from suture to suture, aligned 

or not from whorl to whorl, straight, prosocline, numer- 

ous, approximately 32 on last whorl, approximately 27 

on penultimate whorl, and approximately 26 on ante-pen- 

ultimate whorl. Spiral ribs fine, narrow, closely spaced, 

approximately half as broad as interspaces, approximately 

10 on penultimate whorl, and approximately 11 on last 

whorl posterior to basal part. No basal keel. Sculpture on 

base of last whorl consisting of approximately 12 spiral 

ribs, very fine but becoming stronger (fine) toward shell 

axis, very closely spaced, approximately as broad as in- 

terspaces, and very minutely beaded where crossed by 

growth lines (producing very fine cancellate pattern); ax- 

ial ribs obsolete. Aperture ovate; inner lip smooth. 

Holotype: LACMIP 13008. 

Dimensions of holotype: Incomplete specimen of 4.5 

whorls, height 15.3 mm, diameter 7.2 mm. 

Type locality: LACMIP loc. 23639, 39°50'10’N, 

121°42'55’W. 

Geologic age: Early Campanian. 

Distribution: Chico Formation, Ten Mile Member, Chico 

Creek, Butte County, northern California. 

Discussion: The above description is based on 10 spec- 

imens, most of which are poorly preserved. Acirsa epsi- 

lon is most similar to Acirsa nexilia (White, 1889), dis- 

cussed below, but differs from it by having smaller size; 

more numerous, more closely spaced, and weaker axial 

ribs; more closely spaced spiral ribs with no interrib; and 

stronger cancellate sculpture. Acirsa epsilon is similar to 

Acirsa delta, sp. nov. but differs from it by having thinner 

axial and spiral ribs, more widely spaced cancellate sculp- 

ture, and sunken rectangular interspaces between inter- 

sections of axial and spiral ribs. 

Etymology: The specific name epsilon is the fifth letter 

of the Greek alphabet. 
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Acirsa nexilia (White, 1889) 

(Figures 55-61) 

Ceratia nexilia White, 1889:21, pl. 3, figs. 13, 14. 

Mesostoma (?) intermedium Whiteaves, 1903:360, pl. 43, 

fig. 4. 

Diagnosis: A medium-sized Acirsa with subcancellate 

sculpture. Axial ribs stronger than spiral ribs. Approxi- 

mately 24 axial ribs. Interspaces between spiral ribs with 

one secondary spiral interrib. Basal part of last whorl with 

very fine cancellate sculpture. 

Supplementary description: Shell medium (up to 28 

mm high), elongate conical, with high spire. Pleural angle 

approximately 31°. Protoconch unknown. Teleoconch 

whorls approximately 10 (estimated), rounded; suture 

slightly impressed and occasionally coincident with spiral 

rib. Sculpture cancellate on uppermost spire, subcancel- 

late on more mature whorls, axial ribs stronger than spiral 

ribs, intersections with low nodes on mature whorls. Ax- 

ial ribs moderately swollen, moderately spaced, and ap- 

proximately half as broad as interspaces. Axial ribs ex- 

tending from suture to suture, generally aligned from 

whorl to whorl on uppermost spire but becoming less so 

on more mature whorls, mostly straight, slightly prosoc- 

line, slightly reflexed leftward near posterior suture, ap- 

proximately 24 on penultimate and last whorls, and 19 to 

20 on penultimate and ante-penultimate whorls. Spiral 

ribs fine, narrow, and moderately closely spaced, approx- 

imately nine on last whorl, and seven to eight on penul- 

timate whorl. Interspaces between spiral ribs accommo- 

date finer but prominent spiral rib, except on uppermost 

spire whorls. No basal keel. Sculpture on basal part of 

last whorl consisting of many, very closely spaced, fine 

spiral ribs with narrow interspaces showing growth lines; 

axial ribs generally obsolete, rarely with few very weak 

axial ribs extending to shell axis. Aperture oval; inner lip 

smooth. 

Dimensions of lectotype: Incomplete specimen of four 

whorls, height 13.5 mm, diameter 7.6 mm. 

Lectotype: USNM 20119a, designated here. 

Figures 57-72. Specimens coated with ammonium chloride. Figures 57-61. Acirsa nexilia (White, 1889), Sucia 

Island. Figure 57. Syntype GSC 5956 of Mesostoma (?) intermedium Whiteaves, 1903, apertural view, 2.1. Figure 

58. Syntype GSC 5956c of Mesostoma (?) intermedium Whiteaves, 1903, apertural view, *2.6. Figures 59-61. 

Hypotype LACMIP 13009, LACMIP loc. 6965, Simi Hills, «3.2. Figure 59. Apertural view. Figure 60. Abapertural 

view. Figure 61. Basal view. Figures 62—65. Confusiscala newcombii (Whiteaves, 1903). Figure 62. Holotype GSC 

5928, Sucia Island, abapertural view, <1. Figures 63-65. LACMIP loc. 23635, Chico Creek. Figures 63, 64. 

Hypotype LACMIP 13010, 1.5. Figure 63. Apertural view. Figure 64. Abapertural view. Figure 65. Hypotype 

LACMIP 13011, basal view, 1. Figures 66, 67. Claviscala sp., hypotype LACMIP 13012, LACMIP loc. 23637, 

Chico Creek, 2.9. Figure 66. Apertural view. Figure 67. Abapertural view. Figures 68—72. Zebalia Squires & 

Saul, gen. nov. suciaensis (Packard, 1922). Figures 68, 69. Plastoholotype UCMP 12303, UCMP loc. 2209, Sucia 

Island, <1. Figure 68. Apertural view. Figure 69. Right-lateral view. Figures 70—72. Hypotype LACMIP 13013, 

LACMIP loc. 10716, Simi Hills, <0.6. Figure 70. Apertural view. Figure 71. Abapertural view. Figure 72. Basal 

view. 
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Type locality: Pentz area, Butte County, northern Cali- 

fornia. 

Paralectotype: USNM 20119b, designated here. 

Geologic age: Late Cretaceous (lower to upper middle 

Campanian). 

Distribution; LOWER CAMPANIAN: Chico Formation, 

Pentz Road member (informal), Butte County, northern 

California. MIDDLE CAMPANIAN: Cedar District For- 

mation, Sucia Island, Washington; Chatsworth Formation, 

Dayton and Bell canyons, eastern Simi Hills, Los Angeles 

and Ventura counties, southern California. UPPER MID- 

DLE CAMPANIAN: Williams Formation, Pleasants 

Sandstone Member, Santa Ana Mountains, Orange Coun- 

ty, southern California. 

Discussion: The above description is based on 14 spec- 

imens, which are mostly poorly preserved. The syntypes 

(GSC 5956, 5956a—d) of M. (?) intermedium are weath- 

ered and either in rock matrix or missing shell material 

on the last whorl. Photographs of Acirsa nexilia are 

shown for the first time here. 

White’s (1889) species Ceratia nexilia has the medi- 

um-shell size and subcancellate sculpture of an Acirsa 

and does not belong in genus Ceratia H. & A. Adams, 

1852, which is characterized by minute size, fine spiral 

striae, and an absence of axial sculpture. Although Wenz 

(1939) and Fretter & Graham (1978) placed Ceratia in 

Rissoidae, Ponder (1984, 1985) showed that it can be 

included in the Iravadiidae, which, like the rissoids, be- 

longs (Ponder & Warén, 1988) to the Truncatelloidea. 

Genus Confusiscala de Boury, 1909 

Type species: Scalaria dupiniana d’Orbigny, 1842, by 

original designation and monotypy; Late Cretaceous (Al- 

bian), Aube, France. 

Diagnosis: Whorls joined and not umbilicate. Basal keel 

visible on spire supradjacent to suture. Axial ribs not 

crossing basal keel. Spiral sculpture fine, covering whorl 

sides. Basal disk with fine spiral threads, crossed by ra- 

diating slightly sinuous growth lines (Saul & Popenoe, 

1993). 

Discussion: Confusiscala was originally considered to be 

a subgenus of Amaea by de Boury (1909), and Wenz 

(1940) agreed. It has continued to be treated as a sub- 

genus by several workers, including Stewart (1927), who 

placed it as a subgenus of Epitonium Réding, 1798, and 

Gardner (1876) and Durham (1937) who placed it as a 

subgenus of Opalia. Saul & Popenoe (1993) considered 

Confusiscala to be a genus that is closely similar to Opa- 

lia, and they reported that Confusiscala ranges from Early 

Cretaceous (Neocomian) through Maastrichtian. Darragh 

S Kendrick (1994) reported that Confusiscala attained a 

widespread, near cosmopolitan distribution during the 

Cretaceous (late Hauterivian to late Maastichtian). 
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Darragh & Kendrick (1994) placed Opalia mathewson- 

ii (Gabb, 1864:321-322, pl. 32, fig. 278; Stewart, 1927: 

321-322, pl. 24, fig. 20; Durham, 1937:504, pl. 56, fig. 

23) in genus Confusiscala. As shown in our synonymy 

given earlier in this present paper, however, the specimen 

used by Durham (1937:504, pl. 56, fig. 23) is the holotype 

of Confusiscala? sulfurea Saul & Popenoe, 1993. As dis- 

cussed earlier in this present paper, we have questionably 

placed Opalia mathewsonii (Gabb, 1864:321-—322, pl. 32, 

fig. 278; Stewart, 1927:321—322, pl. 24, fig. 20) in Opa- 

lia. 

Darragh & Kendrick (1994:42—44) reported that there 

is a worldwide array of very similar species of Confus- 

iscala found in the following stages/substages and lo- 

cales: upper Hauterivian and Aptian to Albian of Japan, 

Aptian of Syria, Albian of Europe, Turonian of Califor- 

nia, Turonian to Santonian of southern India, Turonian to 

upper Maastrichtian of Europe, Senomanian of South Af- 

rica, and upper Maastrichtian of Australia. Confusiscala 

newcombii, from upper Santonian to middle Campanian 

of the Pacific slope of North America, can also be added 

to this list. We agree with Darragh & Kendrick (1994) 

that a close comparative study of all of these species is 

warranted. 

Confusiscala newcombii (Whiteaves, 1903) 

(Figures 62—65) 

Mesostoma (?) newcombii Whiteaves, 1903:361, pl. 43, fig. 

Hemiacirsa newcombii (Whiteaves). Ludvigsen & Beard, 

1994:fig. 59 [in part]; 1997:fig. 70 [in part]. 

Supplementary description: Shell large (up to 69.5 mm 

high), turriculate, with high spire. Pleural angle approxi- 

mately 25°. Protoconch and uppermost spire unknown. 

Teleoconch whorls approximately 11 (estimated), con- 

cave posterior half, convex anterior half; suture moder- 

ately impressed. Axial ribs stronger than spiral ribs. Axial 

ribs moderately closely spaced, strong, swollen on ante- 

rior half of whorl but with tendency to fade out on pos- 

terior half, straight, and prosocline. Growth lines conflu- 

ent with axial ribs on posterior half of whorl reflexed 

leftward posteriorly. Axial ribs approximately 14 on last 

whorl, penultimate, and ante-penultimate whorls. Spiral 

ribs fine, closely spaced, numerous, and strongest on an- 

terior half of whorl where single interribs also present. 

Basal keel strong and usually present as a subsutural rib. 

Basal disk covered by very faint spiral threads (weaker 

or approximately same strength as spiral near posterior 

suture) and with several sinuous, raised-growth lines con- 

fluent with primary axial ribs. Aperture subcircular. 

Holotype: GSC 5928. 

Dimensions of holotype: Nearly complete specimen of 

nine whorls, height 64.3 mm, diameter 24.9 mm. 
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Type locality: Sucia Island, San Juan County, Washing- 

ton. 

Geologic age: Late Cretaceous (Latest Santonian to mid- 

dle Campanian). 

Distribution: UPPERMOST SANTONIAN: Chico For- 

mation, Musty Buck Member, Chico Creek, Butte Coun- 

ty, northern California; Ladd Formation, middle part of 

Holz Shale Member, Orange County, southern California. 

UPPER SANTONIAN/LOWER CAMPANIAN: Haslam 

Formation, Vancouver Island, British Columbia (Ludvig- 

sen & Beard, 1994, 1997). LOWER CAMPANIAN: Chi- 

co Formation, Ten Mile Member, Chico Creek, Butte 

County, northern California. MIDDLE CAMPANIAN: 

Cedar District Formation, Sucia Island, San Juan County, 

Washington (Whiteaves, 1903; Ludvigsen & Beard, 

1994). SANTONIAN-MIDDLE CAMPANIAN UNDIF- 

FERENTIATED: “Trent River Formation,’ Vancouver 

Island, British Columbia (Ludvigsen & Beard, 1994, 

1997). 

Discussion: Confusiscala newcombii is included in this 

paper because the original description is lacking in some 

details, no published photographs of the holotype existed 

before, and its stratigraphic occurrences have not been 

tabulated before. The original illustration of the holotype 

was a line drawing of the abapertural side. We include a 

photographic view of this side (Figure 62). The apertural 

side of the holotype is missing most of its shell. We also 

include the first photographic view of the base of this 

species (Figure 65). 

At most localities, this species consists of small frag- 

ments, but at LACMIP loc. 23635 in the lowermost part 

of the Ten Mile Member of the Chico Formation, four 

large and well preserved specimens were collected. 

The occurrence of C. newcombii in the middle part of 

Holz Shale Member of the Ladd Formation, Orange 

County, southern California (LACMIP loc. 10093) is a 

new stratigraphic record. 

Ludvigsen & Beard (1994, 1997) placed Whiteaves’ 

species in Hemiacirsa de Boury, 1890. Bouchet & Warén 

(1986) treated this genus as a synonym of Acirsa Morch, 

1857. Although the base of the shell may be angled in 

Acirsa, a basal keel and basal disk are not present 

(Bouchet & Warén, 1986; Weil et al., 1999); therefore, 

Whiteaves’ species cannot be placed in Acirsa [= Hem- 

lacirsal. 

Genus Claviscala de Boury, 1909 

Type species: Scalia richardi Dautzenberg & de Boury, 

1897, by original designation; Recent, southwestern Eu- 

rope, but not in the Mediterranean, usually in abyssal 

depths (Bouchet & Warén, 1986). 

Diagnosis: Shell acuminate, whorls joined, and not um- 

bilicate. Flat-sided whorls bearing broad axial ribs and 
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fine spiral lines. Basal kee) strong. Aperture rectangular. 

No pitting on surface of shell (Bouchet & Warén, 1986; 

Weil et al., 1999). 

Discussion: Wenz (1940) reported the geologic range of 

Claviscala to be Neocomian (Early Cretaceous) to Re- 

cent, with fossil occurrences in North America and Eu- 

rope and with Recent occurrences in the Atlantic Ocean. 

Abbass (1963), however, reported Turriscala (Claviscala) 

darwishi Abbass (1963:64, pl. 3, figs. 2, 2a) from Albian 

strata in Egypt. The preservation of the holotype of Ab- 

bass’s species, however, is poor, and its placement in 

Claviscala seems to be somewhat tentative. 

Claviscala sp. 

(Figures 66, 67) 

Description: Shell small (up to 17.5 mm high), cylindri- 

cal, with high spire. Pleural angle approximately 10°. Pro- 

toconch unknown. Teleoconch whorls approximately 

eight to nine (estimated), flattish; suture slightly im- 

pressed, with subsutural rib. Sculpture of broad axial ribs, 

moderately closely spaced, extending from suture to su- 

ture, not aligned from whorl to whorl, usually straight 

(rarely sinuous), prosocline, rarely reflexed leftward pos- 

teriorly near suture, approximately 16 on last whorl, and 

14 to 15 on penultimate and ante-penultimate whorls. 

Fine spiral ribs near sutures. Basal keel strong. Basal disk 

with many very fine spiral ribs, partly obscured by a 

glossy callus; axial ribs obsolete on basal disk. Aperture 

oval, inner lip smooth. 

Geologic age: Late Cretaceous (earliest Campanian to 

early late Campanian). 

Distribution: LOWERMOST CAMPANIAN: Chico For- 

mation, Ten Mile Member, Chico Creek, Butte County, 

northern California. LOWER UPPER CAMPANIAN: Ja- 

lama Formation, Santa Barbara County, southern Califor- 

nia. 

Discussion: The above description is based on two poorly 

preserved and apparently conspecific specimens from 

LACMIP locs. 23637 and 24140, from the Chico and 

Jalama formations, respectively. On each, the apex is 

missing and most of the shell is leached so that the sculp- 

ture is little more than indicated. We are, therefore, unable 

to name a new species based on such incomplete material. 

The specimens, however, do show the flat-sided whorls, 

strong broad axial ribs, fine spiral ribs, and strong basal 

keel that are diagnostic of this genus. 

The name Claviscala has been used twice before for 

Cretaceous gastropods from the Pacific slope of North 

America. The first usage was Nerinea dispar Gabb (1864: 

113, pl. 19, figs. 66, 66a). Stewart (1927:322) stated that 

the holotype of “N.” dispar is “‘probably related to 

‘“Claviscala”’ clementina d’Orbigny, 1842, from the Cre- 

tacous Albian of Europe.” Saul & Squires (1998), fur- 
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thermore, reported that Gabb’s species, although origi- 

nally described as a nerineid, is definitely not one and is 

probably an epitoniid. Durham (1937:503, pl. 56, fig. 20) 

stated that Nerinea dispar belongs to Claviscala. The ho- 

lotype (UCMP 11944) of this species consists of a partial 

external mold and the internal mold of four whorls of an 

individual 55 mm high. Gabb (1864:pl. 19, fig. 66a) es- 

pecially emphasized a collarlike band that is the edge of 

the basal disk, and although Anderson (1938, 1958) re- 

ported that this feature is not seen in the holotype, it is 

present on the external mold, as are fine spiral ribs that 

cross the strong axials, which do not quite reach the basal 

collar or the adapical suture. The holotype is from North 

Fork of Cottonwood Creek, Shasta County, northern Cal- 

ifornia, in strata now referred to as the Budden Canyon 

Formation, which ranges in age from Early Cretaceous 

(Hauterivian) to Late Cretaceous (Turonian) (Murphy et 

al., 1969). It is not known from which member the ho- 

lotype of C. dispar was collected, but the uppermost one, 

the Gas Point Member, is not present on North Fork, 

therefore, the age range is reduced to Hauterivian to Al- 

bian. Although Anderson (1938, 1958) stated that no ad- 

ditional specimens had been found, CAS collections from 

the Budden Canyon Formation in the vicinity of the North 

Fork of Cottonwood Creek have specimens from at least 

two of the members. Anderson (1958) suggested that 

Gabb’s species was of Late Cretaceous or even Paleocene 

age, but the specimens from the North Fork of Cotton- 

wood Creek vicinity indicate a Hauterivian to Albian age. 

More work is needed on this Early Cretaceous epitioniid 

in order to determine its exact geologic age and distri- 

bution. Claviscala sp. from the Late Cretaceous (Cam- 

panian) Ten Mile Member of the Chico Formation differs 

from Claviscala dispar by having a smaller size, a less 

prominent subsutural rib, axial ribs that extend from su- 

ture to suture, fewer axial ribs, and no evidence of fine 

spiral ribs forming a minute-cancellate pattern where they 

intersect the axial ribs. 

The second usage of the name Claviscala for Creta- 

ceous gastropods from the Pacific slope of North America 

was Opalia (Claviscala) n. sp. of Durham (1937:503). He 

put his unnamed species into synonymy with Nerinea dis- 

par? Gabb (var.), Whiteaves (1895:127, pl. 3, fig. 4a) 

from the Nanaimo Group on Hornby Island, east coast of 

Vancouver Island, British Columbia. Most likely, Nerinea 

dispar? (var.) Whiteaves is from the middle to upper 

Campanian Spray Formation (see ‘‘Stratigraphy’’) part of 

the Nanaimo Group, because this formation crops out ex- 

tensively on Hornby Island. Nerinea dispar? (var.) Whi- 

teaves is probably not a Claviscala at all (Saul & Squires, 

1998), and it looks more like the melanopsid genus 

Boggsia Olsson, 1929, which was studied by Squires & 

Saul (1997). 

Opalia (Claviscala) n. sp. of Durham, 1937, was also 

ut by him into synonymy with Scalaria albensis (?) 

y of Whiteaves (1876:50, pl. 9, fig. 5) [= Sca- 

laria clementina d’Orbigny of Whiteaves, 1900:287] 

from the Queen Charlotte Islands, British Columbia. Ac- 

cording to Bolton (1965), S. albensis (?) of Whiteaves 

and S. clementina of Whiteaves are based on the same 

specimen, and S. albensis (?) is from the Haida Forma- 

tion. Thompson et al. (1991) reported the Haida Forma- 

tion to be Albian in age. It is possible that Scalaria al- 

bensis (?) d@Orbigny of Whiteaves (1876) might be the 

above-mentioned Claviscala dispar (Gabb, 1864). 

In summary, although there have been previous reports 

of Claviscala from the Pacific slope of North America, 

these pertain to either Early Cretaceous specimens or to 

misidentified Late Cretaceous ones. The specimen of 

Claviscala sp. from the lower Campanian Ten Mile Mem- 

ber of the Chico Formation in northern California repre- 

sents the first confirmed occurrence of this genus in Late 

Cretaceous rocks of the Pacific slope of North America. 

Superorder Caenogastropoda Cox, 1959 

Superfamily ZYGOPLEUROIDEA Bandel, 1991 

Family ZYGOPLEURIDAE Wenz, 1938 

Discussion: Opisthocline-axial ribs and their distinctive 

parasigmoidal pattern on the posterior part of the whorls 

are typical of zygopleurids. Other zygopleurid morpho- 

logic features are the elongate-conical shape, strong-axial 

sculpture, and subordinate spiral ornament. In addition, 

some zygopleurids have a rounded aperture. Family Zy- 

gopleuridae has a geologic range from Late Permian 

(Kasmanian) to middle Late Jurassic (Callovian) (Tracey 

et al., 1993). The new genus described below extends the 

geologic range of zygopleurids from the Late Jurassic to 

the Late Cretaceous. Zygopleurids are reportedly extinct, 

but Houbrick (1979) showed that the modern deep-sea 

genus Abyssochrysos Tomlin, 1927, is a relict gastropod 

whose shell closely resembles that found in Zygopleuri- 

dae. 

Genus Zebalia Squires & Saul, gen. nov. 

Type species: Zebalia suciaensis (Packard, 1922); Late 

Cretaceous (middle Campanian), Sucia Island, Washing- 

ton and southern California. 

Diagnosis: A zygopleurid with very large size, acuminate 

spire. Whorls joined and not umbilicate. Axial ribs strong, 

opisthocline, but parasigmoidal and bladelike near suture. 

Spiral ribs fine and wavy. Basal disk only with raised 

growth lines. 

Discussion: In terms of the general shape of the whorls 

and the presence of strong axial ribs, the new genus is 

most similar to Zygopleura Koken, 1892, known from 

Triassic to Late Jurassic (lower Kimmeridgian) (Knight 

et al., 1960). The new genus differs from Zygopleura in 

having axial ribs that taper posteriorly, at least some spi- 

ral sculpture, and a circular aperture. In terms of the 
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shape of the aperture, the new genus is similar to the 

zygopleurid Tyrsoecus Kittl, 1892, known from Middle 

Triassic to Late Jurassic (Knight et al., 1960). The new 

genus differs from Tyrsoecus by having parasigmoidal- 

axial ribs and non-tuberculate axial ribs. 

Zebalia suciensis generally resembles an epitoniid, but 

the parasigmoidal-axial ribs and giant size of this new 

gastropod are unlike any other epitoniid, fossil or mod- 

ern-day. Although most workers do not provide much in- 

formation on epitoniid growth-line morphology, our ob- 

servations revealed that most epitoniids have prosocline 

growth lines, with a tendency for them to be slightly re- 

flexed leftward near the posterior suture. A few have 

straight or even slightly sinuous (sigmoidal) growth lines, 

but no epitoniid teleoconch has parasigmoidal-growth 

lines like that seen on Z. suciensis. The protoconchs of 

some species of the deep-water epitoniid Eccliseogyra 

Dall, 1892, illustrated by Bouchet & Warén (1986:figs. 

1131, 1132, 1134), however, do have parasigmoidal-axial 

ribs. Yet, the axial ribs on the teleoconchs of these same 

specimens are not parasigmoidal. Bouchet & Warén 

(1986) also mentioned that Eccliseogrya was originally 

considered an “‘archaeogastropod.” It was transferred to 

the family Epitoniidae as a subgenus of Epitonium by Rex 

& Boss (1973). 

Etymology: The genus is named for P. T. & G. P. Zebal, 

who found and donated the largest known specimen of 

the type species of this genus. 

Zebalia suciaensis (Packard, 1922) 

(Figures 68—72) 

Cerithium (?) suciaensis Packard, 1922:430, pl. 35, fig. 4. 

Confusiscala suciense (Packard). Saul & Popenoe, 1993: 

359. 

Diagnosis: Same as for genus. 

Description: Shell very large (up to 161 mm high), tur- 

riculate, with high spire. Pleural angle approximately 19°. 

Protoconch and upper spire unknown. Teleoconch whorls 

approximately 10 to 11 (estimated), rounded, with a con- 

cave-subsutural area; suture slightly markedly impressed. 

Axial ribs strong, spaced proportionally same distance 

apart on each whorl, extending from suture to suture, gen- 

erally aligned from whorl to whorl, straight on main part 

of early whorls, opisthocline on later whorls, and strongly 

parasigmoidal (reflected rightward near posterior suture 

and reflected strongly leftward within subsutural area). 

Axial ribs approximately 20—22 on penultimate and pre- 

ante-penultimate whorls. Axial ribs thin significantly on 

spire, becoming bladelike (lamellar). Spiral sculpture (at 

least on anterior part of later whorls) consisting of nu- 

merous fine wavy spiral ribs between axial ribs and cross- 

ing them, with two secondary spiral threads between pri- 

mary spiral ribs. Basal keel possibly present. Basal disk 
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with raised growth lines. Aperture circular; inner lip 

thickened somewhat. 

Dimensions of holotype: Very incomplete specimen of 

1.5 whorls, height 53 mm, diameter 41.4 mm. 

Holotype: UCMP 12303. 

Type locality: UCMP loc. 2209. 

Geologic age: Late Cretaceous (middle Campanian). 

Distribution: Cedar District Formation, Sucia Island, San 

Juan County, Washington; Chatsworth Formation, Dayton 

Canyon area, eastern Simi Hills, Los Angeles and Ventura 

counties, southern California. 

Discussion: The above description is based on the very 

incomplete holotype and a very large specimen (Figures 

70-72) from the Chatsworth Formation. The last whorl 

of the Chatsworth specimen is missing most of its shell. 

There appears to be a basal keel, but this might be the 

result of weathering of the shell. 

Zebalia suciaensis is similar to Cerithium iddingsi Ols- 

son (1928:68—69, pl. 15, fig. 4), known from the Pale 

Greda Formation of early Eocene age (Bolli, 1957) of 

northwestern Peru. Zebalia suciaensis differs from C. id- 

dingsi by having much more rounded whorl sides, a more 

impressed suture, axial ribs in the subsutural area more 

distinct and more sharply reflected, spiral ribs more nu- 

merous on anterior part of later whorls, and an absence 

of spiral ribs in the subsutural area. Unfortunately, the 

extreme basal part of the last whorl and the apertural and 

columellar features of C. iddingsi are not preserved. The 

overall shell shape and growth-line pattern of C. iddingsi 

are strongly suggestive that this species is a zygopleurid. 

Its growth-line pattern is unlike that of Cerithium Bru- 

guiere, 1789. 

The Cedar District Formation on Sucia Island in Wash- 

ington is correlative (Muller & Jeletzky, 1970) to the am- 

monite zone Hoplitoplacenticeras vancouverense, which 

is of middle Campanian age. This geologic age is close 

to that of the very large specimen of Zebalia suciaensis 

from the Chatsworth Formation. 

The Chatsworth Formation specimen of Z. suciensis is 

from a bed slightly stratigraphically higher in the for- 

mation than are the middle Campanian epitontids (re- 

ported elsewhere in this paper) from very fossiliferous 

exposures of the Chatsworth Formation in Dayton and 

Bell canyons. Nevertheless, the geologic age of Z. su- 

ciaensis is also middle Campanian because, as reported 

by Saul & Popenoe (1993), it is from that part of the 

Chatsworth Formation yielding the ammonite Metapla- 

centiceras aff. M. pacificum (Smith, 1900). This partic- 

ular ammonite is slightly older than zonal species Meta- 

placenticeras pacificum, which is indicative of the late 

middle Campanian to early late Campanian (Elder & 

Saul, 1996). 

Except for a few localized, richly fossiliferous lenses 
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in the lower and upper parts of the formation, megafossils 

are generally scarce in the Chatsworth Formation and rep- 

resent shallow-marine species displaced downslope via 

turbidity currents into deeper waters of bathyal depth 

(Squires et al., 1981). The specimen of Zebalia suciaensis 

is from a small pebbly conglomerate lens in massive 

sandstone in the middle part of the formation (LACMIP 

loc. 10716). Associated megafossils at this locality in- 

clude such shallow-water mollusks as the gastropods Tur- 

ritella and Volutoderma, the bivalves Crassatella, Glyc- 

myeris, Indogrammatodon, Meekia, Pterotrigonia, and 

Yaadia, as well as the ammonite Baculites cf. B. rex An- 

derson, 1958. Macrofossils are generally rare in this part 

of the formation because of the high-sedimentation rates 

associated with the sand-rich, turbidite-channel deposits. 

It is likely that the specimen of Z. suciaensis was not 

transported very far, based on its nearly complete large 

size. 

Based on the information of several labels found in the 

box containing Z. suciaensis from the Chatsworth For- 

mation, the specimen has had an interesting identification 

history. It has been identified as various heteromorph am- 

monites (Early Cretaceous Heteroceras? sp., Late Creta- 

ceous Turrilites? sp., and Late Cretaceous Bostrychocer- 

as? sp.), but the ammonite expert T. Matsumoto person- 

ally studied the specimen and and wrote on a card that 

“he did not think it was an ammonite.’’ We concur, as 

did Saul & Popenoe (1993), who identified it as the ep- 

itoniid Confusiscala suciense (Packard). 
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APPENDIX 

LOCALITIES CITED 

Unless otherwise stated, localities are LACMIP. 

Sucia Island 

10449. West end of peninsula on S side of Fox Cove, 

Sucia Island, San Juan County, Washington. Cedar Dis- 

trict Formation. Age: Middle Campanian. Collectors: 

R. Durbin, H. L. Popenoe & W. P. Popenoe, 1935. 

UCMP 2209. ?Sucia Island (no more information 

known). 

Yreka Area 

25401. Sandstone outcrop 549 m S and 914 m E of NW 

corner of section 26, T. 46 N, R. 6 W, U.S. Geological 

Survey Yreka quadrangle (30 minute, 1939), Black 

Mountain area, east of Yreka, Siskiyou County, north- 

ern California. Hornbrook Formation, Osburger Gulch 

Sandstone Member. Age: Turonian. Collector: W. P. Po- 

penoe, May 16, 1944. 

East of Redding 

U.S. Geological Survey Millville quadrangle (15 minute, 

1953), Shasta County, northern California. Redding For- 

mation. 

10786. [= CIT 1005]. Near crest of S slope of divide 

between Basin Hollow and Clover creeks, at approxi- 

mately the SE corner of the NW % of section 33, T. 32 

N, R. 2 W. Member V (lower part) of Popenoe (1943). 

Age: Early Santonian. Collectors: W. P. Popenoe & D. 

W. Scharf, August 8, 1931. 

10794. [= CIT 1246]. Float on hillsope on E side of 

*1000-foot hill,’ SE % of NE % of section 13, T. 32 

N, R. 2 W. Member V of Popenoe (1943). Age: San- 

tonian. Collector: W. P. Popenoe, August 1, 1936. 

24217. Hard sandstone slabs in bed of Clover Creek, 213 

m N and 366 m W of SE corner of section 22, T. 32 

N, R. 2 W. Member VI of Popenoe (1934). Age: Late 

Santonian. Collectors: W. P. Popenoe & D. Dailey, Au- 

gust 27, 1959. 

24246. SE side of Oak Run Valley, in sandstone below 

thick conglomerate, 518 m E and 549 m N from SW 

corner of section 15, T. 32 N, R. 2 W. Member V of 

Popenoe (1943). Age: Early Santonian. Collector: W. 

P. Popenoe, August 31, 1959. 
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Chico Creek 

U.S. Geological Survey Paradise quadrangle (7.5 minute, 

1953), Butte County, northern California. Chico Forma- 

tion. Unless otherwise stated, Collectors: L. R. Saul & R. 

B. Saul, August, 1952. 

10849. Sandstone layer about approximately 30 m below 

Cretaceous/lava flow contact, on hillside N and a little 

E of Mickey’s house, NW % of the SW % of section 

1, T. 23 N, R. 2 E. Musty Buck Member. Age: Late 

Santonian. Collectors: W. P. Popenoe & D. W. Scharf, 

August 18, 1931. 

23624. First ravine to S of Mickey’s house on W side of 

Chico Creek, 395 m N and 274 m E of SW corner of 

section 1, T. 23N, R. 2 E. Musty Buck Member. Age: 

Santonian. 

23628. Fossils in brown and gray-blue sandstone on E 

bank of Chico Creek, 244 m S and 305 m E of NW 

corner of section 13, T. 23 N, R. 2E. Musty Buck 

Member. Age: Late Santonian. 

23634. On E bank of Chico Creek, 518 m S and 160 m 

E of NW corner of section 13, T. 23 N, R. 2 E. Musty 

Buck Member/Ten Mile Member boundary. Age: Ear- 

liest Campanian. 

23635. On E bank of Chico Creek, 549 m S and 122 m 

E of NW corner of section 13, T. 23 N, R. 2 E. Ten 

Mile Member. Age: Earliest Campanian. 

23637. On E bank of Chico Creek, 381 m N of SE corner 

of and just barely inside E line of section 14, T. 23 .N, 

R. 2 E. Ten Mile Member. Age: Early Campanian. 

23639. In concretions in massive, greenish-gray sand- 

stone, 373 m S and 293 m W of NE corner of section 

23, T. 23 N, R. 2 E. Ten Mile Member. Age: Early 

Campanian. 

23648. Sandstone bluff on W side of Chico Creek, 533 

m S and 549 m E of NW corner of section 35, T. 23 

N, R. 2 E. Ten Mile Member. Age: Early Campanian. 

Pentz Area 

24340. Conglomerate beds cropping out just below a 

drainage canal, SE side of Oroville Highway, about 1.2 

km NE of intersection of the highway and Pentz-Ma- 

galia-Oroville Road, and 427 m S and 183 m W of the 

NE corner of section 36, T. 21 N, R. 3 E, U.S. Geo- 

logical Survey Cherokee quadrangle (7.5 minute, 

1949), Butte County, northern California. Chico For- 

mation, Pentz Road member (informal). Age: Early 

Campanian. Collector: W. P. Popenoe, May 13, 1960. 

Pigeon Point 

USGS Mesozoic M8610 [= loc. 10 of Elder & Saul, 

1993}. About | km E of Pigeon Point, U.S. Geological 

Survey Pigeon Point quadrangle (7.5 minute, 1955), San 

County, northern California. Pigeon Point For- 
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mation, southern sequence. Age: Probably early middle 

Campanian. Collector: Unknown. 

Jalama Creek 

U.S. Geological Survey Lompoc Hills quadrangle (7.5 

minute, 1947), western Santa Ynez Mountains, Santa 

Barbara County, southern California. Jalama Formation. 

Age: Early late Campanian. 

24108. Elevation 168 m, thin bed of hard, fine-grained, gray 

quartz sandstone in gully bottom and 9 m above on 

brush-covered sandstone face, 610 m N of Jalama Creek, 

3.3 km S of the Jalama Ranch Headquarters, 4.2 km W 

and 1.3 km N of the SE corner of topographic quadran- 

gle. Collector: D. Dailey, August, 1958. 

24140. Elevation 152 m, fine-grained, dark-gray sand- 

stone, 274 m N of Jalama Creek, 3 km E and 0.6 km 

S of the Jalama Ranch Headquarters, 4.7 km W and 

1.2 km N of the SE corner of topographic quadrangle. 

Collector: W. P. Popenoe, September, 1938. 

Simi Hills 

U.S. Geological Survey Calabasas quadrangle (7.5 min- 

ute, 1952), Ventura County (unless otherwise stated), 

Simi Hills, southern California. Chatsworth Formation, 

unless otherwise stated, lower part of formation and of 

middle Campanian age. 

6965. Same as 10715 (see below). Collector: J. Alderson, 

1974. 

10715. [= CIT 1159]. Prominent fossil bed on crest of 

spur between forks of Dayton Canyon 122 m E of Los 

Angeles-Ventura County Line, and 1829 m N23°W of 

SE corner of section 33, T. 2 N, R. 17 W, Los Angeles 

County. Collectors: R. Durbin, H. L. Popenoe & W. P. 

Popenoe, June 21, 1935. 

10716. [= 26464 and CIT 1538]. Small pebbly conglom- 

erate lens in massive Cretaceous sandstone near crest 

of Simi Hills, about 1.3 km west of Los Angeles-Ven- 

tura County line and 2.5 km N60°W of SE corner of 

section 33, T. 2 N, R. 17 W, and 320 m N and 1128 

m W of SW corner of County line, section 28. Middle 

Campanian. Collectors: PB. T. & G. P. Zebal, October 

25, 1942. 

26020. [= CIT 1158]. Fine-grained sandstone cropping 

out on high bare cliff, N bank of Bell Canyon, just E 

of mouth of large gully, 2743 m W and 152 m S of 

the NE corner of section 4, T. 1 N, R. 17 W. Collector: 

W. P. Popenoe, February 11, 1972. 

Santa Ana Mountains 

10093. Pebbly lens near top of shale series just below 

crest of ridge, first prominent NE-SW spur N of San- 

tiago Creek near its junction with Harding Creek, about 

914 m straight W of the dam in Harding Canyon, U.S. 
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Geological Survey El Toro quadrangle (7.5 minute, 

1949), Orange County, southern California. Unless oth- 

erwise stated, Williams Formation, Pleasants Sand- 

stone Member. Age: Late middle Campanian. Collec- 

tor: W. P. Popenoe, 1933-1934. 

Arroyo Santa Catarina 

2853. Broken concretion with numerous fossils, just S of 
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Arroyo Tiburon (a tributary on W side of Arroyo Santa 

Catarina). Near mouth of and along W side of Arroyo 

Santa Catarina, SE side of Mesa San Carlos, northern 

Baja California, Mexico (see Webster, 1983:fig. 1, for 

detailed locality map). Rosario Formation. Age: Late 

Campanian to early Maastrichitian. Collector: M. Web- 

ster, 1966. 
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Comparative Observations on Reproduction, Spawning, and Early Veligers 

of Three Common Subtidal Mesogastropods from North Central Chile 
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Abstract. The egg masses and hatched veliger larvae of three mesogastropod species from La Herradura Bay, Co- 

quimbo, Chile are described, including: Turritella cingulata Sowerby, 1833, Sinum cymba (Menke, 1828), and Priene 

scabrum (King, 1832). 

The morphology of the egg masses was similar to the descriptions given for other members of these families. The 

egg mass of Turritella cingulata consisted of a gelatinous matrix mixed with sand, weighing an average of 2.04 g. Egg 

capsules were embedded in the matrix; they were spherical, translucent, and contained one to 15 embryos. Development 

lasted 7-8 days at 13.5-14.0°C. The hatched veligers measured 141 wm in length. The egg mass of Sinum cymba was 

ribbonlike with two sand layers in between which were located spherical, transparent egg capsules. Each capsule con- 

tained one embryo. Hatching larvae measured 194 ym in length. Priene scabrum laid on average 129 capsules in each 

egg mass. The capsules were vasiform in shape, 3.6 < 6.0 mm in length, and each contained an average of 1466 

embryos. The intracapsular period lasted 38 days at 14 + 0.4°C, and hatched larvae measured 263 ym in length. All 

three species had indirect development. 

INTRODUCTION 

The mesogastropods represent the largest group within 

the prosobranch mollusks and show the highest diversity 

in reproductive biology. The majority are dioecious, with 

internal fertilization by means of copulation. Develop- 

ment of the eggs occurs partially or completely within 

egg capsules, which are usually deposited in masses 

closely associated with the substrate in their habitat (Web- 

ber, 1977). Many specific characteristics of the reproduc- 

tive process of prosobranch mollusks allow grouping or 

identification of individuals to the family, genus, or spe- 

cies level, and allow inference of evolutionary relation- 

ships between them (Robertson, 1974; D’Asaro, 1991). 

Characteristics of egg deposition have been very useful 

tools in molluscan taxonomy (Giglioli, 1955; Amio, 

1955; Ziegelmeier, 1961; Lebour, 1936; Thorson, 1950; 

D’ Asaro, 1970, 1991; Barash & Zenziper, 1980; Gallardo, 

1981; Cafiete, 1992). Robertson (1974) listed five diag- 

nostic characters useful in these studies: (1) egg deposi- 

tion; (2) mode of development (hatching stage); (3) mor- 

phology of the veliger larva; (4) size at which metamor- 

phosis occurs, and (5) size of the egg. 

Within the mesogastropods, ovipositional forms in- 

clude tubular or vasiform capsules, flat helical belts, or 

amorphous gelatinous masses (Hyman, 1967; Robertson, 

' Corresponding author: Departamento de Biologia Marina, 
Facultad de Ciencias del Mar, Universidad Catélica del Norte, 

guimbo, Chile; e-mail: msromero @nevados.ucn.cl 

Box 3016, Concepcién, Chile 

1974). Occurrence of oviposition provides a direct indi- 

cation of sexual maturity in individuals, such that these 

organisms may be easily recognized in the environment 

without the need to sacrifice specimens for histological 

observation. These aspects, as well as the knowledge of 

their development and type of larvae, are useful in studies 

of biodiversity, evolutionary relationships, and ecology, 

as well as in the management of species valued as food 

for humans (Thorson, 1950; Robertson, 1974; Barkati & 

Ahmed, 1983; Canete, 1992). 

The present study describes the egg deposition, cap- 

sule, number of embryos per capsule, and morphology of 

hatched veliger larvae of three mesogastropod species in 

La Herradura Bay, Chile, including Turritella cingulata 

Sowerby, 1833 (Turritellidae), Sinum cymba (Menke, 

1828) (Naticidae), and Priene scabrum (King, 1832) (Cy- 

matiidae). 

METHODS AND MATERIALS 

Between April 1996 and March 1997 observations were 

carried out weekly by scuba diving in order to determine 

spawning seasons and reproductive sites for obtaining egg 

masses. In addition, sporadic observations were added 

about every 45 days between 1993 and 1999. The three 

snail species studied were: Turritella cingulata, Sinum 

cymba, and Priene scabrum in benthic areas on La Her- 

radura Bay, Coquimbo (29°58’S, 71°21'W). Spawning 

was observed in reproductive groupings of Turritella cin- 

gulata and Priene scabrum and as individual spawning 
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Figure 1. Observations of egg deposition of three species of mesogastropods in relationship to temperatures of La Herradura Bay. 

Observations of the three species were done every 7 days from April 1996 to March 1997. During the other years, observations were 

made every 45 days. For Sinum cymba, occasions are indicated only in which egg masses were collected and transported to the 

laboratory. (E] Nifio = phenomenon of “El Nifo” in La Herradura Bay lasted from April 1997 to March 1998). 

of Sinum cymba. Temperatures in the bay were measured 

weekly; average monthly values are shown in Figure 1. 

Egg masses were collected by hand from sand or shelly 

bottoms in diverse areas of the bay and maintained in our 

laboratory in 2 L aquaria with filtered seawater (1 jm) 

for observation and laboratory preparation. Observations 

and measurements were made under a 20X stereoscopic 

microscope on the number, form, and sizes of capsules 

per deposition, as well as the number of embryos and 

their development stage. 

Since egg masses of 7. cingulata were soft and irreg- 

ular, they were fixed in 2% glutaraldehyde and were 

weighed and measured volumetrically using a mL grad- 

uated cylinder calibrated to 0.1 mL. From 30 randomly 

collected depositions, a subsample was weighted and 

measured, and then the number of capsules within the 

sample was counted using a stereoscopic microscope. Us- 

ing this value, the total number of capsules per spawning 

was estimated. To determine the number of embryos per 

capsule, from 42 masses, 1771 capsules were counted. 

Length of the egg masses of S. cymba was measured 

along the median line of the deposit to the nearest mm; 

width was measured at the midway point. Pieces of the 

straplike egg mass measuring | cm? were cut from the 

lower median border for enumeration of capsules con- 

tained per unit area. Ten pieces in vertical transection 

were observed to count the number of egg spaces. Stages 

of embryos contained in the egg mass were determined 

by observing the lower part of the egg mass from areas 

excised from initially deposited and terminally deposited 

extremes from 18 spawnings. 

Size of capsules from Priene scabrum was estimated 

with a micrometer-equipped stereoscopic microscope, 

measuring 10 capsules randomly selected from 11 spawn- 

ings. Embryo counts were obtained by using all capsular 

contents from 52 capsules. Eggs and veliger larvae were 

observed and measured using light microscopy with an 

ocular micrometer. Maximum length of the protoconch 

was that measured from the border of the aperture to the 

extreme base of the protoconch, in lateral view. 

Spawnings were maintained in | L glass beakers with 

1 ym filtered seawater which was changed daily, at which 

time the temperature was measured. 

Protoconchs of hatched larvae were washed with a 1: 

9 seawater dilution of commercial hypochlorite, air dried, 

and then gold-coated for SEM observation using JRC- 

1100 Ion Sputter equipment. Samples were observed and 

photographed with a JEOL-JSM-T300 scanning electron 

microscope. 

RESULTS 

Turritella cingulata 

Groups of these snails were observed in the process of 

spawning in the bay in patches at 3—5 m depth on fine 

sand and coarse shelly sand areas. Spawnings were ob- 

served during the spring (September 1995, 1996; August 

1998; and November 1999) and the summer (January 
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1996; March 1997 and 1999) with egg deposition restrict- 

ed within the month cited. The ambient seawater temper- 

ature ranged from 13.4—13.9°C (spring) to 16.6—-17.8°C 

(summer), respectively. The egg deposition was not ob- 

served during September 1997 (spring) when the water 

temperature was 15.4°C (Figure 1). 

The spawn of 7. cingulata was composed of a trans- 

parent, amorphous gelatinous matrix in which the cap- 

sules which contained the embryos were embedded. Re- 

cently produced matrix was strongly adhesive, but soon 

caused it to be covered with particles of sand and other 

detritus (Figure 2A). The capsules contained in the matrix 

were spherical, measuring about 352 jm in diameter (SD 

= 83.2; n = 83) (Figure 2B). Each capsule contained 

from one to 15 embryos, with most frequent values being 

two (19% of capsules), three (23% of capsules), and four 

(18% of capsules) embryos per capsule. Egg masses 

weighed an average of 2.04 g (SD = 1.06; n = 40), and 

were about 2.08 mL in volume (SD = 1.02; n = 40). A 

subsample obtained from 30 spawnings picked randomly 

showed an average of 11,130 capsules per spawning (SD 

= 7099; n = 30). 

The eggs measured 92 pm diameter (SD = 8.3, n = 

150), were spherical, and opaque white in color. All em- 

bryos in the capsules hatched as veliger larvae. Devel- 

opment from the egg to hatching of veligers lasted 7 to 

8 days at 13.5—14.0°C. The protoconch of hatched larvae 

was yellow-brown in color, with an average length of 141 

pm (SD = 10; n = 62). It had a deep initial suture and 

surface irregularities giving it a rough appearance (Figure 

2C). The aperture was circular, weakly tending toward 

triangular in the dorsal region (Figure 2D). Hatched lar- 

vae were bilobed, with non-pigmented velar lobes. Eye- 

spots and tentacles could not be seen under light micros- 

copy. The foot was not pigmented and was triangular in 

shape with rounded lateral borders, and a thickened cen- 

tral portion heavily covered with cilia (Figure 2E). 

Sinum cymba 

Egg depositions of this species were frequently found 

between 8 and 10 m depth on sandy bottoms. Observa- 

tions made between November 1993 and March 1999 and 

also from April 1996 to March 1997, suggested that this 

species carried on reproductive activity throughout the 

year. 

The definition of terms used to characterize the egg 

Figure 2. 
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depositions of Sinum cymba follows Giglioli (1955). Egg 

depositions took the form of a helical belt, with its ends 

superposed. Due to flexibility of the belt, the length of 

superposition was variable. All edges of the egg belt were 

smooth, with the upper margin curved toward the exte- 

rior, and shorter than the lower margin, producing an in- 

verted bowl shape. The lateral edges of the belt showed 

diagonal bends in opposite directions. The leading edge 

of the belt can be recognized by its extreme upward angle 

as viewed from outside, lying to the left (Figure 3A). The 

average length of the belt, measured at the center, was 

32.8 cm (SD = 6.2; n = 50), the width was 5.6 cm (SD 

= 0.6; n = 50), and the thickness was 0.98 cm (SD = 

0.43; n = 10). The capsules containing the embryos were 

spherical and transparent, measuring 178 jm in diameter 

(SD = 7.3; n = 150). In vertical transection, the belt was 

composed of two layers of a fibrous matrix interspersed 

with sand grains. Between the two layers with sand, an 

indeterminate number of egg capsules were grouped into 

spaces or cells formed by fibrous septae and sand in the 

horizontal axis (Figure 3B). On average, 54 egg spaces 

(SD = 3,8; n = 10) were arranged on a single median 

plane, and this was continuous from the apical to the bas- 

al margin of the belt. Each belt contained about 4015 

capsules per cm? (SD = 841; n = 10) which are easily 

separated from the cells. Each capsule contained a single 

embryo (n = 300). 

The average size of the eggs of this species was 126 

wm (SD = 10; n = 62), and they were opaque white in 

color. The intracapsular development lasted 12 days at 

16-18°C. The protoconch of the hatched veliger was 

brown, with an average length of 194 wm (SD = 6; n = 

33); it was ornamented with granules arranged in longi- 

tudinal bands (Figure 3C) and had a semi-circular aper- 

ture (Figure 3D). Hatched veliger larvae were plankto- 

trophic, with an unpigmented, bilobed velum. Only the 

right cephalic tentacle was developed, with a small pro- 

tuberance at the site of the future left tentacle. Black eye- 

spots were observed at the base of the present and future 

tentacles. The foot was diamond-shaped with straight 

sides, and was not pigmented (Figure 3E). 

Priene scabrum 

This species reproduced in June and July, based on 

observations made between 1993 and 1999 (Figure 1). 

During this period, groups of reproducing adults aggre- 

Egg mass and larvae of Turritella cingulata. A. The spawn consists of a gelatinous mass mixed with 

sand, within which are included capsules containing the embryos (arrow indicates some encapsulated embryos). 

Scale bar = | cm. B. Magnified view of part of the egg mass showing capsules with contained embryos. (c = 

capsule; arrows indicate encapsulated veligers). Scale bar = 60 ym. C. Side view of protoconch of recently hatched 

veliger larvae (s = suture; arrow indicates relief). D. Ventral view of protoconch of recently hatched veliger larva 

(a aperture, arrow indicates relief). Scale bar = 15 ym. E. Frontal view of recently hatched veliger larva (b = 

mouth; c = cilia; 0 = operculum; p = foot; pr = protoconch, v = velar lobes). 
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gated at depths of 7-8 m on rocks, piling and other bot- 

tom relief, where they deposited their capsules. The 

spawning coincided with low winter temperatures 

(approx. 13°C). 
Deposits from this species included groups of 129 cap- 

sules on average (SD = 46; n = 37) attached to the sub- 

strate in circular arrangements (Figure 4A). The capsules 

were of the vasiform type described by D’ Asaro (1991). 

In transverse section they were oval or semi-triangular. 

The capsules were transparent, glassy, and rigid (Figure 

4B). Capsules were about 6 mm in height (SD = 0.7; n 

= 110) and 3.5 mm in width (SD = 0.4; n = 110), and 

each contained an average of 1466 embryos (SD = 628.5; 

n = 52). 

The eggs of P. scabrum were opaque yellow in color, 

and had an average diameter of 170 pm (SD = 18.9; n 

= 60). Hatching took place 38 days after oviposition at 

a temperature of 14 + 0.4°C. The average length of the 

protoconch of hatched larvae was 263 wm (SD = 13.7; 

n = 69); was golden brown, and vitelline material re- 

tained within its interior had a yellow tone. The proto- 

conch as visualized by SEM showed aggregations of tu- 

bercles in starlike forms (Figure 4C). The aperture was 

semi-circular, and lateral borders of the aperture were 

curved toward the exterior (Figure 4D). Hatched veliger 

larvae were planktotrophic, with an unpigmented, bilobed 

velum. Two small, dark brown eyespots were visible in 

the cephalic region, with the right tentacle appearing as 

a small protuberance with a few apical bristles. The left 

tentacle was represented by a small blunt swelling. From 

the ventral view, the foot appeared straight with a trian- 

gular projection in the central region (metapodium) pro- 

jecting past the operculum, having bristles at its posterior 

end (Figure 4B). 

DISCUSSION 

Reproductive Cycle 

The presence of egg deposits was a good indicator of 

reproductive cycle in these species. The continuous ob- 

servations in 1996 and sporadic observations in the other 

years suggest that Sinum cymba reproduces throughout 

the year, whereas Priene scabrum and Turritella cingu- 

lata showed seasonal reproductive cycles. P. scabrum had 

a well defined spawning season, associated with the 

months of June and July, which were the coldest months 

of the year, as verified over 7 years of observations. 
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Observations of spawning in 7. cingulata over 4% 

years suggested a semi-annual cycle, with reproduction 

at the beginning of spring and again in summer. However, 

this species showed significant fluctuations in spawning 

dates. Beginning with the observations of 1995-1996, 

spawnings were expected for January of 1997, but were 

not observed. The spawning of 1997 was displaced to the 

month of March; in the spring of that year and the sum- 

mer of 1998, no spawnings were observed. Both in Sep- 

tember 1997 and January 1998, a temperature rise of 2°C 

above the previous 2 years (on the same dates) was ob- 

served in La Herradura Bay. This variation was in agree- 

ment with the report on the presence of the El Nino phe- 

nomenon (Comision Permanente del Pacifico Sur, 1997, 

1998) and may explain the absence of egg masses of 7. 

cingulata, in spite of extensive diving efforts made to 

observe such egg masses in those months (Figure 1). In 

1999 spawnings were again seen in summer and spring, 

the latter associated with normal temperatures for the sea- 

son, although these were somewhat higher than those ob- 

served in previous years. It is important to consider that 

the temperature is only one of several factors influencing 

reproduction in the mollusks (Fretter, 1984). Observations 

need to be made in future years in order to establish the 

reproductive cycle of this species with more certainty, 

and determine if it is as sensitive to temperature as sug- 

gested by the results of this study. 

Egg Mass and Larvae 

The forms of egg deposition, capsules, larvae, and 

modes of development of the three species presently re- 

viewed were similar to those described for related species 

from other localities. 

Turritella cingulata 

Eggs deposited in gelatinous masses are characteristic 

of the Turritellidae (Hyman, 1967; Webber, 1977). The 

egg masses of Turritella gonostoma (Allmon et al., 1992) 

are characterized by capsules loosely united to a central 

membrane which is attached to the substrate by one or 

two adhesive discs. The egg masses of 7. communis (Le- 

bour, 1933; Kennedy & Keegan, 1992) have capsules 

united by a peduncle to a central line. Bandel (1976) de- 

scribed the egg masses of T. variegata as ‘*‘a bunch of 

grapes.”” Two hundred to 300 spherical capsules are sur- 

rounded by a mucoid sticky hull which extends into a 

Figure 3. Spawn of larvae of Sinum cymba. A. Lateral view of spawn (ip = initial portion). Scale bar = 2 cm. 

B. Vertical transection of spawn to show “‘cells’’ containing embryo capsules (c = capsules; e = embryos in early 

cleavage; s = septa separating “‘‘cells’’). Scale bar = 300 pm. C. Side view of protoconch of recently hatched 

veliger larva (s = suture, arrow indicates ornamentation by granules arranged in bands). Scale bar = 30 wm. D. 

Ventral view of protoconch of recently hatched veliger larva (a = aperture; arrow indicates ornamentation). Scale 

bar = 30 pm. E. Frontal view of recently hatched veliger larva (b = mouth, c = cilia, e = eyes, o = operculum, 

p = foot, pr = protoconch, t = tentacle, v = velar lobes). 
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Spawn and larvae of Priene scabrum. A. Superficial view of individual spawn adhered to a rocky substrate covered with 

= 1.3 cm. B. Lateral view of capsules with 
9) 

Figure 4, 

barnacles (c = capsules; arrow indicates encapsulated embryos; s = barnacles). Scale bar = 

= capsular walls, b = basal attachment of capsule, arrow indicates some encapsulated embryos). Scale bar = embryos inside. (w = 

C. Side view of recently hatched veliger larva (s = initial suture, arrow indicates relief on surface of protoconch). Scale bar = 

m. D. Ventral view of protoconch of recently hatched veliger larva (a = aperture, arrow indicates relief). Scale bar = 30 wm. E. 
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trunklike protrusion, and, by means of it, fuses with other 

protrusions (Bandel 1976). In comparison with the pre- 

viously cited species, T. cingulata showed a less struc- 

tured system of organization, with capsules simply en- 

closed in a gelatinous matrix. Adherence to the substrate 

was eventually accomplished if the sticky mass became 

attached soon after spawning. Otherwise it acquired a 

load of detrital particles, which did not allow the adher- 

ence to fixed structures on the bottom. The apparently 

unprotected nature of this material may be overcome by 

its camouflage with benthic detritus, as noted by the dif- 

ficulty of detecting it in shallow water frequently visited 

by divers. 

There is scarce information on reproductive aspects of 

capsules, eggs, and larval sizes in Turritella species. Nev- 

ertheless, the few values that we have found or deduced 

from the figures show the same tendency that has been 

suggested for other gastropodos (Spight, 1975)—the larg- 

er the egg size, the longer the intracapsular period. In T. 

cingulata and T communis (Lebour, 1933; Kennedy & 

Keegan, 1992), the hatching size of the larvae is also 

greater. Data. reported for T. communis differ between lo- 

calities. In Plymouth, Lebour (1933) determined a capsule 

diameter of 0.64 mm, and sizes of egg and larvae of 100 

and 160 wm, respectively, whereas for the same species 

in Killary (Ireland), Kennedy & Keegan (1992) deter- 

mined a capsule diameter of 1.4 mm, and egg and larval 

sizes of 139 and 229 pm, respectively. Reports of Bandel 

(1976) for T. variegata and Allmon et al. (1992) for T. 

gonostoma are incomplete. Bandel (1976) reported the 

intracapsular development of 7. variegata lasting 16—18 

days. The author did not mention the egg and capsule 

size, but based on figure 6 (page 256) we deduce that the 

size of egg and capsule are 113 wm and 1.8 mm, respec- 

tively. The capsule diameter of T. gonostoma varies be- 

tween 2—3 mm, and the intracapsular development lasts 

14 days (Allmon et al., 1992). Relating the size of the 

eggs with the duration of intracapsular development, T. 

cingulata had an extremely short period of intracapsular 

development (7 days) compared with that observed for T. 

communis (Lebour, 1933), T. gonostoma (Allmon et al., 

1992), and T. variegata (Bandel, 1976) with the exception 

of the data reported by Kennedy & Keegan (1992). More 

information is required to relate these reproductive as- 

pects. 

Sinum cymba 

Egg masses of the Naticidae are characterized by their 

helical band or ribbon form (Giglioli, 1955; Amio, 1955; 

Gohar & Eisawy, 1967; Hyman, 1967; Robertson, 1974; 

Barash & Zenziper, 1980; Riddell, 1995). Several char- 

acteristics such as the form of the helical band and the 

size and arrangement of capsules and embryos inside the 

masses were used to differentiate species. Giglioli (1955) 

gave a detailed and more extensive classification of the 

Pagers/ 

egg-ribbons of the Naticidae, according to the character- 

istics above described. First, he classified the egg-ribbons 

into two divisions according to their rigidity or flexibility 

(I or I, respectively). Then he differentiated subdivisions 

according to the aspect of the basal margin (smooth, A 

or plicate, B) and finally, he distinguished according to 

the size of the capsules (visible to naked eye, a, or not 

visible to naked eye, b) and embryo arrangements (A to 

E, layer order of capsules). According to this classifica- 

tion, the eggs of Sinum cymba belong to group I, that is 

flexible wall; A, basal margin smooth; b, capsules not 

visible to naked eye; and E, capsules grouped. 

Amio (1955) added other characteristics such as the 

manner of connection between the egg capsule and the 

jelly-wall forming the egg space (egg capsule separable 

or not separable from the surrounding jelly-wall) and lar- 

val morphology. Based on these classifications, the egg 

masses of S. cymba show a close similarity to Polinices 

lewisi Gould, collar C (undetermined egg masses from 

Iran) (Giglioli, 1955), Natica adamsiana, and N. janthos- 

tomoides (Amio, 1955). 

Only the work of Amio (1955) permits some intra- 

genus comparisons. Amio (1955) described the egg mas- 

ses of Sinum papilla (Gmelin) and six species of Natici- 

dae, including species of Natica and Neverita. Unlike S. 

cymba, S. papilla presents a plicated basal margin and, 

in vertical transsection, the capsules are irregularly dis- 

persed on more than one plane, and contain two or three 

eggs. Furthermore, the larval protoconch of S. papilla is 

ornamented with spiral lines, and its foot presents a lon- 

ger metapodial projection that is not observed in S. cymba 

or in other Naticidae. From the previous comparisons we 

deduce that beyond the “‘egg masses like collar’ of the 

family Naticidae, a pattern is not observed which relates 

the different characteristics from egg masses and the lar- 

vae within a genus. Rather, each species presents its own 

particular characteristics. 

Priene scabrum 

The egg masses of this species are characterized by the 

yellow color of the embryos, common in the gastropods 

Cymatiidae, as well as by the transparency of the cap- 

sules. Both characteristics allowed observation of the in- 

tracapsular development of the embryos without damag- 

ing the capsules, making this material suitable for studies 

of embryonic development such as the influence of tem- 

perature, salinity, effects of toxic materials, and other en- 

vironmental variables. 

There are few descriptions about reproduction in the 

family Cymatiidae. Available comparisons were those 

concerning some members of Cymatiidae and the super- 

family Tonnacea. Penchaszadeh & De Mahieu (1975) de- 

scribed spawning and development of Cymatium felip- 

ponei (Ihering, 1907) and Fusitriton cancellatus (La- 

marck, 1816). These species are similar to P. scabrum, 
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particularly F. cancellatus. Their capsules are vasiform 

and about 100 capsules are grouped in circular arrange- 

ments. These similarities extend to the size, color of eggs, 

and the indirect development. D’ Asaro (1969) described 

spawning and development of Bursa corrugata Perry, and 

Distorsio clathrata Lamarck. Bursa corrugata produces 

egg masses strikingly similar to those of P. scabrum, with 

regard to the order, form, and size of the capsules. Also 

the eggs had indirect development and a similar, although 

smaller larva (175 jm in length). The egg masses of D. 

clathrata have a different shape and size compared with 

P. scabrum. In that species, capsules are lenticular in 

form and 1.1 mm in diameter with few embryos inside 

(D’ Asaro, 1969). Excepting Distorsio clathrata, the re- 

productive aspects mentioned here are characteristic of 

the Tonnacea. Particularly interesting is the fact that all 

of them have small eggs and larvae and indirect devel- 

opment. Scheltema (1971, 1984) determined that the 

planktonic larvae of Cymatium nicobaricum (R6ding), 

Cymatium parthenopeum (von Salis), and Charonia var- 

iegata (Lamarck) display amphi-Atlantic distribution due 

to transoceanic migration of planktonic larvae. These lar- 

vae belong to the teleplanic larvae group, so named by 

Scheltema (1971), and they are mainly characterized by 

a very long planktonic period. The observations on re- 

production of Priene scabrum presented in this work will 

permit study at extracapsular development to determine 

how the planktonic stage might explain its geographical 

distribution. 

On the other hand, there exists some discord among 

authors about the taxonomic identity of this species, par- 

ticularly in genus and species denominations (Marincov- 

ich, 1973; Guzman et. al., 1998; Ramirez, 1987). There 

is a question as to whether P. scabrum and P. rude are 

the same species with variations in shell form (Alan Beu, 

personal communication). The characterization of the re- 

productive aspects of P. scabrum presented in this work 

hopefully will contribute to clarifying some of the taxo- 

nomic ambiguities in this species. 

Finally, the morphology of the larval protoconch is a 

specific character which may be used to differentiate 

among larvae collected at sea (Robertson, 1971; Thiriot- 

Quievréux, 1980). The larvae from the present study, 

which hatched from laboratory-held capsules, demon- 

strated similar grades of development and were charac- 

teristic of species which have a relatively long planktonic 

development (Robertson, 1974). Although we have pres- 

ently described only a few attributes of the embryonic 

protoconchs of the three species, the size and ornamen- 

tation of these provide sufficient information to differ- 

entiate between recently hatched larvae. 
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Abstract. Descriptions are given of three new species of pomatiasids provisionally placed in the genus Cyclotopsis 

Blanford, 1864: C. josephinae, C. orchidae, and C. tsaratananae. These species are unusual for their complexly reticulate 

sculptures in which the axial lamellae are retracted and more elevated at their junctures with the spiral cords. An 

identification key and diagnoses are given for the seven now known species of Madagascan Cyclotopsis. 

INTRODUCTION 

This paper is one in a series reporting taxonomic results 

from the author’s 1992-1996 survey and inventory of 

Madagascar’s land mollusks (references listed in Ember- 

ton, 2002). 

MATERIALS Ann METHODS 

Materials were collected 1994-1996 using methods of 

Emberton et al. (1996). Generic identification and com- 

parisons were made using Wenz (1938-1944), Fischer- 

Piette et al. (1993), and Emberton & Pearce (1999). Tem- 

pleton’s (1989) cohesion concept was applied in delim- 

iting species. Measurements were made using an ocular 

micrometer on a Wild M3C dissecting microscope. Dis- 

sections were on black wax under 70% ethanol. Anatom- 

ical descriptive terminology followed Girardi (1978). 

Photographs were taken at standard magnifications (10x, 

25x, and 40). 

LOCALITIES 

Of the 1126 stations collected throughout Madagascar in 

1992-1996, only the following eight stations—all north- 

ern—yielded Cyclotopsis. 

Stations 98, 103, 104. Tsaratanana Reserve, rainforest. 

98. 14°02'S, 48°47'E, 950 m, 14 June 1995. 103, 104. 

14°02'S, 48°46’E, 16 June 1995. 103. 865 m. 104. 830 

m. 

Stations 217-219. Montagne des Orchides, 12°23'S, 

49°19'E, dry deciduous forest, 20 July 1995. 217. 360 m. 

218. 385 m. 219. 410 m. 

Stations 233, 241. Cap d’ Ambre. 233. Near lighthouse, 

11°58'S, 49°16’E, 10 m, deciduous-baobab forest, 24 July 

1995. 241. Near Ambatojanahary, 12°00'S, 49°17’E, 15 
m, dry deciduous forest, 25 July 1995. 

SYSTEMATICS 

r classification follows Ponder & Lindberg (1997; 

uperfamily) and Vaught (1989; superfamily and fam- 

ily). Latitudes and longitudes are given in degrees and min- 

utes. To aid future workers, alcohol-preserved paratypes are 

listed separately, and species descriptions are ordered alpha- 

betically. Types are placed in the Florida Museum of Nat- 

ural History, University of Florida, Gainesville (UF); the 

Australian Museum, Sydney (AMS); the Academy of Nat- 

ural Sciences of Philadelphia (ANSP); and the Muséum Na- 

tional d’Histoire Naturelle, Paris (MNHN, which does not 

assign catalogue numbers to types). 

Class GASTROPODA 

Clade CAENOGASTROPODA 

Clade HYPSOGASTROPODA 

Superfamily LITTORINOIDEA 

Family POMATIASIDAE 

Subfamily CYCLOTOPSINAE 

Cyclotopsis Blanford, 1864 

Key to Species of Madagascan Cyclotopsis: 

la. Axial lamellae neither retracted nor more elevated 

at their junctures with spiral cords ........... 2 

lb. Axial lamellae retracted and more elevated at 

their junctures with spiral cords ............. 5) 

2a. Shell height/diameter about 0.6; spiral cords 

numbering about 10 on body whorl; shell and 

operculum bearing hairs; northern Madagascar 

de beslassa tial) etd eyes eecelReaean olen ARS tes ogc ae ae C. milloti 

2b. Shell height/diameter about 0.8—1.1; spiral cords 

numbering 35 or more on body whorl; shell with- 

out hairs; southern Madagascar ............. 3 

3a. Shell height/diameter 0.8; coiling tighter (whorls/ 

In diameter 2.17); aperture smaller (apertural 

width/shell diameter 0.35) ........... C. mermosi 

3b. Shell height/diameter 1.0—1.1; coiling looser 

(whorls/In diameter 2.00—2.05); aperture smaller 

(apertural width/shell diameter 0.43—0.47) ..... 4 

4a. Spiral cords numbering about 50 on body whorl; 
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Table 1 

Shell variation. Abbreviations: # specimen number, D1.5W diameter of first 1.5 whorls, Diam shell diameter (mm), EmW 

embryonic whorl count, fem female, Ht/D shell height divided by shell diameter, juv juvenile, Um/D umbilicus diameter 

divided by shell diameter, W/InD whorl count divided by natural logarithm of shell diameter, Whrl whorl count. 

Species Catalog # # Sex 

Josephinae UF 285452 male 

Josephinae UF 285453 i fem 

josephinae UF 285453 2 juv 

Josephinae AMS C.204778 juv 

orchidae UF 285454 fem 

orchidae UF 285455 1 male 

orchidae UF 285455 2 male 

orchidae UF 285455 3 fem 

tsaratananae UF 285456 male 

tsaratananae UF 285457 1 male? 

tsaratananae UF 285457 2, fem 

tsaratananae UF 285458 1 male 

tsaratananae UF 285458 2 fem 

tsaratananae UF 285580 1 male 

tsaratananae UF 285580 2 male 

tsaratananae UF 285580 3 male 

tsaratananae UF 285580 4 fem 

tsaratananae UF 285580 5 fem 

tsaratananae UF 285580 6 fem 

Diam Ht/D Whrl W/InD Um/D D1.5W EmW 

5.8 0.9 3.9 DD. 0.25 1.29 Leg 

Yell 0.28 

1.30 ea 

1.30 ea 

Voll 1.0 4.4 2.16 0.18 1.43 1.9 

5.8 0.9 319 2.22 0.19 1.44 1.8 

Ses) 1.0 4.1 2.32 0.21 1.45 1.8 

7.6 0.9 4.5 DDD 0.24 1.43 1.8 

5.4 1.0 3.8 2.26 0.17 1.34 1.7 

6.1 0.9 3.9 2.15 0.24 1.31 1.8 

6.3 0.9 4.0 2.17 0.24 1.34 1.8 

23 0.8 37 2.22 0.22 1:33 1.8 

6.3 0.9 4.0 2.19 0.22 1.30 1.8 

5.6 0.9 S\ol/ 2.14 led 

Sell 0.9 3.8 2.18 1.28 1.8 

D2 0.9 3.6 2.18 1.8 

6.7 0.9 319) 2.04 1.8 

6.4 0.9 4.0 Pils) 1.26 1.8 

6.6 0.9 4.0 ZA, 1.8 

axial lamellae more widely spaced and lower 

standing C. miaryi 

4b. Spiral cords numbering about 35 on body whorl; 

axial lamellae more closely spaced and higher 

Standing there ar ceitos sis eGie siee nies C. beviae 

5a. Sculpture very strong; diameter of first 1.5 whorls 

RAS SPASM Shs ces Ses Shlas C. orchidae 

(Figures 24-28) 

5b. Sculpture moderate to delicate; diameter of first 

1.5 whorls 1.26—1.34 mm 

Sculpture moderate; aperture greatly reflected 

downward in final 0.2 whorl; umbilicus narrower, 

0.17—0.24 shell diameter; inhabiting rainforest . . 

C. tsaratananae 

(Figures 1—19) 

Sculpture delicate; aperture moderately reflected 

downward in final 0.1 whorl; umbilicus broader, 

0.25—0.28 shell diameter; inhabiting dry-decidu- 

ous forest C. josephinae 

(Figures 20—23) 

6a. 

6b. 

Species Diagnoses and Descriptions 

Abbreviations: ad adult[s], frags fragments, juv juve- 

nile[s] 

Cyclotopsis beviae 

Fischer-Piette, Blanc, Blanc & Salvat, 1993 

Fischer-Piette et al., 1993: fig. 71 

Diagnosis: Most similar to C. miaryi, with which it 

shares (a) axial lamellae neither retracted nor more ele- 

vated at their junctures with the spiral cords, (b) relatively 

very high spire (shell height/diameter 1.0—1.1), (c) spiral 

cords numbering 35—5O on the body whorl, (d) shell and 

operculum without hairs, (e) looser coiling (whorls/In di- 

ameter 2.00—2.05 vs. 2.17), and (f) large aperture (aper- 

tural width/shell diameter 0.43—0.47). C. beviae differs 

from C. miaryi in its less dense spiral cords (numbering 

about 35 vs. about 50 on the body whorl) and its more 

closely spaced and higher standing axial lamellae. 

Description: Fischer-Piette et al. (1993:94—95). 

Cyclotopsis Jjosephinae Emberton, sp. nov. 

(Figures 20—23) 

Diagnosis: Differs from C. tsaratananae, sp. nov. in that 

(a) its habitat is dry-deciduous forest (vs. rainforest), (b) 

its sculpture is delicate (vs. moderate), (c) its apertural 

downward reflection is moderate and for 0.1 whorl (vs. 

great and for 0.2 whorl), and (d) its umbilicus is wider 

(0.25—0.28 vs. 0.17—0.24 shell diameter). 

Holotype: Station 241 (UF 285452, i ad). 

Illustrated dry paratypes: Station 233 (UF 285453, 1 

ad frag, 1 juv). 

Other dry paratypes: Station 233 (AMS C. 204778, 1 

juv; UF 285474, 1 juv frag). 

Type locality: Madagascar, Cap d’Ambre, near Amba- 

tojanahary, 12°00'S, 49°17’E, 15 m, dry deciduous forest. 
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Figures 1-6. Shells of Cyclotopsis tsaratananae Emberton, sp. nov. Figures 1, 2. Holotype (UF 285456). Figure 1. In three views. Figure 

2. Magnification of dorsal body whorl. Figures 3—6. Paratypes. Figures 3, 4. From type locality (UF 285457, specimens #1 and 2, respectively). 

Figures 5, 6. From other locality in Tsaratanana Reserve (UF 285458, specimens #1 and 2, respectively). Scale bars = 1 mm. 

Description of holotype shell (Figures 20, 21): Male. 

Diameter 5.8 mm, height 5.0 mm, whorls 3.9, umbilicus 

1.5 mm. Spire conic. Body-whorl periphery rounded, but 

appearing multi-angulate due to corded sculpture; suture 

tremely deeply impressed, like a narrow channel; whorl 

lders flattish, sloping gently. Aperture round, height 

width 2.3 mm; downward deflection moderate, 

0.1 whorl. Apertural lip unreflected. Embryonic whorls 

1.7; first 1.5 whorls 1.29 mm in diameter. Embryonic 

sculpture smooth. Body-whorl sculpture a somewhat del- 

icate reticulation produced by 11 parallel, regularly 

spaced spiral cords, crossed by dense, irregularly spaced, 

low-standing, sharp-edged, axial lamellae that are slightly 

retracted and sometimes raised scooplike where they 
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cross spiral cords. General color light beige; embryonic 

shell whitish with single orangish brown band at and 

above suture. 

Shell variation: See Table 1 and Figures 20—23. 

Etymology: For the author’s beloved wife, Josephine 

Djaohasara Emberton, who, with family and friends, 

helped him collect this species near her home village. 

Cyclotopsis mermosi 

Fischer-Piette, Blanc, Blanc & Salvat, 1993 

Fischer-Piette et al., 1993:fig. 69 

Diagnosis: Among those Madagascan Cyclotopsis spe- 

cies with (a) axial lamellae neither retracted nor more 

elevated at their junctures with the spiral cords, (b) high 

spire (shell height/diameter 0.8—1.1), (c) spiral cords 

numbering 35—50 on the body whorl, and (d) shell and 

operculum without hairs, C. mermosi is diagnosed by its 

lower spire (shell height/diameter 0.8 vs. 1.0—1.1), tighter 

coiling (whorls/In diameter 2.17 vs. 2.00—2.05), and 

smaller aperture (apertural width/shell diameter 0.35 vs. 

0.43—0.47). 

Description: Fischer-Piette et al. (1993:91—93). 

Cyclotopsis miaryt 

Fischer-Piette, Blanc, Blanc & Salvat, 1993 

Fischer-Piette et al., 1993:fig. 70 

Diagnosis: Differs from C. beviae in its denser spiral 

cords (numbering about 50 vs. about 35 on the body 

whorl) and its more widely spaced and lower standing 

axial lamellae. 

Description: Fischer-Piette et al. (1993:93-94). 

Cyclotopsis milloti 

Fischer-Piette, Blanc & Vukadinovic, 1974 

Fischer-Piette et al., 1974:fig. 9 

Fischer-Piette et al., 1993:fig. 69 

Diagnosis: Among those Madagascan Cyclotopsis spe- 

cies with axial lamellae neither retracted nor more ele- 

vated at their junctures with the spiral cords, C. milloti is 

unique in its (a) very low spire (shell height/diameter 0.6 

vs. 0.8-1.1), (b) spiral cords numbering about 10 (vs. 35— 

50) on the body whorl, and (c) shell and operculum bear- 

ing hairs (vs. no hairs). 

Description: Fischer-Piette et al. (1974:472); Fischer- 

Piette et al. (1993:91—93). 

Cyclotopsis orchidae Emberton, sp. nov. 

(Figures 24—28) 

Diagnosis: Among those Madagascan Cyclotopsis spe- 

cies with axial lamellae retracted and more elevated at 
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their junctures with the spiral cords, C. orchidae, sp. nov. 

is unique in its very strong (vs. moderate to delicate) 

sculpture and in its relatively large initial whorl (diameter 

of first 1.5 whorls 1.43—1.45 mm vs. 1.26—1.34 mm). 

Holotype: Station 218 (UF 285454, 1 ad). 

ad). 

Other dry paratypes: Station 217 (UF 285525, 10 ad, 2 

juv); 218 (AMS C. 203505, 1 ad; ANSP 407919, 1 ad; 

MNHN, 1 ad; UF 285524, 15 ad, 24 juv); 219 (UF 

285526, 2 ad). 

Type locality: Madagascar, Montagne des Orchides, 

12°23'S, 49°19’, 385 m, dry deciduous forest. 

Description of holotype shell (Figures 24, 25): Female. 

Diameter 7.7 mm, height 7.9 mm, whorls 4.4, umbilicus 

1.4 mm. Spire conic. Body-whorl periphery rounded, but 

appearing multi-angulate due to corded sculpture; suture 

extremely deeply impressed, like a narrow channel; whorl 

shoulders flattish, sloping gently. Aperture round; height 

3.3 mm, width 3.3 mm; downward deflection great, 0.2 

whorl. Apertural lip mostly unreflected, with very slight 

and narrow reflection at the columella. Embryonic whorls 

1.9; first 1.5 whorls 1.43 mm in diameter. Embryonic 

sculpture smooth. Body-whorl sculpture a large, gross re- 

ticulation produced by about 15 parallel, regularly spaced 

spiral cords, crossed by very thin, high-standing, irregu- 

larly spaced axial lamellae that are taller and slightly re- 

tracted where they cross spiral cords. General color gray- 

ish yellow-brown; apex brownish yellow with single red- 

dish brown band. 

Shell variation: See Table | and Figures 24—28. 

Etymology: For Montagne des Orchides. 

Cyclotopsis tsaratananae Emberton, sp. nov. 

(Figures 1—19) 

Diagnosis: Differs from C. josephinae, sp. nov. in that 

(a) its habitat is rainforest (vs. dry-deciduous-forest), (b) 

its sculpture is moderate (vs. delicate), (c) its apertural 

downward reflection is great and for 0.2 whorl (vs. mod- 

erate and for 0.1 whorl), and (d) its umbilicus is narrower 

(0.17—0.24 vs. 0.25—0.28 shell diameter). 

Holotype: Station 98 (UF 285456, | ad). 

Illustrated dry paratypes: Stations 98 (UF 285457, 2 

ad); 103 (AMS C. 204779, 1 operc; ANSP 407921, 1 

operc; MNHN, | operc; UF 285458, 2 ad, 3 operc). 

Illustrated alcohol paratypes: Station 103 (UF 285580, 

6 ad [dissected]). 

Other dry paratypes: Stations 98 (AMS C. 203506, | 

ad; ANSP 407920, 1 ad; MNHN, | ad; UF 285576, 12 
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Figures 7-12. Bodies (shells removed) of Cyclotopsis tsaratananae, Emberton, sp. nov. (UF 285580). Figures 7—9. Males, specimens 

#1—3, respectively. Figures 10—12. Females, specimens #4—6, respectively. Scale bar = 1 mm. 

ad, 13 juv); 103 (UF 285575, 10 ad, 13 juv); 104 (1 ad, 

UF 285574). 

Other alcohol paratypes: Stations 98 (UF 285578, 2 ad, 

2 juv); 103 (UF 285579, 11 ad, 9 juv); 104 (UF 285577, 

2 ad). 

(ype locality: Madagascar, Tsaratanana Reserve, 14°02’S, 
'T 7’E, 950 m, rainforest. 

m of holotype shell (Figures 1, 2): Male. Di- 

ameter 5.4 mm, height 5.3 mm, whorls 3.8, umbilicus 0.9 

mm. Spire conic. Body-whorl periphery rounded, but ap- 

pearing multi-angulate due to corded sculpture; suture ex- 

tremely deeply impressed, like a narrow channel; whorl 

shoulders flattish, sloping gently. Aperture round; height 2.3 

mm, width 2.4 mm; downward deflection great, 0.2 whorl. 

Apertural lip unreflected. Embryonic whorls 1.7; first 1.5 

whorls 1.34 mm in diameter. Embryonic sculpture smooth. 

Body-whorl sculpture a strong reticulation produced by 

about 14 parallel, regularly spaced spiral cords, and dense, 
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Figures 13-19. Cyclotopsis tsaratananae Emberton, sp. nov. (UF 285580). Figure 13. Operculum (specimen #4) in external, internal, 

and side views (left to right). Figures 14-16. Dorsal views of head and penis, with mantle removed (specimens #1—3, respectively). 

Figure 17. Penis in dorsal view, extended (specimen #3). Figures 18, 19. Oviduct-plus-seminal receptacle-plus-bursa copulatrix of 

females, (specimens #4 and 5, respectively). Scale bars = | mm. 

irregularly spaced, low, sharp, axial lamellae that retract and 

raise scooplike where they cross spiral cords. General color 

grayish brown-yellow; apex light reddish brown. 

Shell variation: See Table 1 and Figures 1-6. 

Operculum (Figures 7, 8, 13): Circular, slightly flattened 

along parietal edge. Very thick, calcified and white 

throughout, except for a horny, yellow-brown layer on 

the interior surface that slightly detaches and curves in- 

ward at parietal edge. Nucleus virtually central, with em- 

bryonic whorls forming, on the external surface, a de- 

pressed, circular, translucent ““window”’ (best seen in Fig- 

ure 7). Periphery of operculum excavated just below its 

interior, horny surface in a deep, very narrow channel. 
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Figures 20-23. Shells of Cyclotopsis josephinae Emberton, sp. nov. Figures 20, 21. Holotype (UF 285452). Figure 20. In three views. 

Figure 21. Magnification of dorsal body whorl. Figures 22, 23. Paratypes (UF 285453). Figure 22. Adult female fragment, in three 

views. Figure 23. Juvenile in apical view. Scale bars = | mm. 

Exterior to this channel, opercular periphery expands out- 

ward—rapidly at parietal edge, slower elsewhere—to ex- 

terior surface, giving operculum a somewhat bilayered 

appearance, with exterior layer (surface) slightly larger 

than interior. Post-embryonic whorls tightly and evenly 

oiled, demarcated on external surface by coarse, parallel, 

brous- or crystalline-looking structures arranged in two 

ent ways forming two distinct types of spiral bands: 

tightly bound spirals and loosely bound angular radia- 

tions. Internal surface smooth, glossy, with only slight 

spiral relief. Peripheral edge formed of loose-bound struc- 

tures. 

Anatomy (Figures 7-19, ethanol-fixed and -pre- 

served): Foot relatively short and broad, longitudinally 

divided in half by a deep, central fissure (Figures 14—16). 

Snout moderately long, broad, divided into two lobes by 
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Figures 24-28. Shells of Cyclotopsis orchidae Emberton, sp. nov. Figures 24, 25. Holotype (UF 285454). Figure 24. In three views. 

Figure 25. Magnification of dorsal body whorl. Figures 26-28. Paratypes from type locality (UF 285455, specimens #1—3, respectively). 

Scale bars = 1 mm. 

a shallow, broad central cleft (Figures 14-16). Body a 

very light orange-gray, darker gray on sides; mantle or- 

angish cream with dense gray stippling at its anterior edge 

and sometimes with blackish-stippled outlining of one or 

more branching arteries. Digestive gland with many sac- 

cules containing a white, refractive material (Figures 7— 

12). Testis small, lying along inside curve of apical di- 

gestive gland. Penis simple, muscular, with a broad basal 

two-thirds and a narrow, tapered-tubular apical one-third, 

total length uncoiled about 3.2 mm (Figures 16, 17), but 

sometimes merely a medium-width tube enlarging slight- 

ly before its then slightly tapered tip (Figure 14), and 

sometimes no more than a tiny, low nub (Figure 15; de- 

velopmental stages?). Ovary small, lying along inside 
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curve of apical digestive gland, apparently a glandular- 

looking tube without acini. Female reproductive tract 

(Figures 18, 19) a simple tube without accessory sacs; 

seminal-receptacle and bursa-copulatrix regions slightly 

to moderately swollen, slightly to moderately C-curved, 

and demarked from each other—and seminal receptacle 

demarked from oviduct—by sharper bends. 

Etymology: For Tsaratanana Reserve. 
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Canariella (Salvinia), New Subgenus, and Three New Species of Canariella 

Hesse, 1918 (Gastropoda: Pulmonata: Hygromiidae) 
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Department of Animal Biology, University of La Laguna, E-38206 Tenerife, Canary Islands, Spain; mibanez @ull.es 

Abstract. Three new species of Canariella Hesse, 1918, Canariella tenuicostulata, sp. nov. and Canariella squa- 

mata, sp. nov., from La Gomera Island, and Canariella tillieri, sp. nov., from La Palma Island (mid-Atlantic Canary 

Islands), grouped in Canariella (Salvinia), subgen. nov. are described. The new subgenus is characterized by the fol- 

lowing diagnostic character of the vagina: near the oviducal orifice, inner distal vaginal wall thickened like a cushion 

with two crossed furrows, one longitudinal and the other transverse. The species Helix discobolus Shuttleworth, 1852, 

from La Gomera Island also belongs to Canariella (Salvinia), subgen. nov. 

INTRODUCTION 

All known living species of the genus Canariella Hesse, 

1918, are endemic to the Canary Islands, in the mid-At- 

lantic Macaronesian archipelagoes. Each species of Can- 

ariella is restricted to one island, except C. plutonia 

(Lowe, 1861), which lives on two islands. 

Thirteen living species (comprising 22 nominal taxa of 

specific and subspecific rank) are known, two of them 

belonging to the nominotypical subgenus, Canariella 

(Canariella) Hesse, 1918: 

C. hispidula (Lamarck, 1822), from Tenerife and a recent 

new species from La Gomera (Alonso et al., in press). 

Three species belonging to Canariella (Alvaradoa) 

Ibanez & Alonso, 1994 (Groh et al., 1994): 

C. pthonera (Mabille, 1883) from Tenerife. 

C. multigranosa (Mousson, 1872) from La Gomera. 

C. huttereri Ponte-Lira & Groh, 1994, from El Hierro. 

One species belonging to Canariella (Simplicula) Pon- 

te-Lira & Alonso, 1996 (Ponte-Lira et al., 1996): 

C. plutonia (Lowe, 1861) from Lanzarote and Fuerteven- 

tura. 

Three species belonging to a new subgenus of Can- 

ariella (Ibafiez et al., in press): the extinct species C. pon- 

telirae Hutterer, 1994, from Tenerife, and two recent new 

species (one from La Gomera and the other from El Hier- 

ro). 

And five species not yet assigned to any subgenus (Iba- 

fez et al., 1995) because some of them will be grouped 

with other species awaiting description. 

C. planaria (Lamarck, 1822) from Tenerife. 

C. leprosa (Shuttleworth, 1852) from Tenerife. 

C. discobolus (Shuttleworth, 1852) from La Gomera. 

C. eutropis (Shuttleworth in Pfeiffer, 1860) from Fuerte- 

ventura. 

C. gomerae (Wollaston, 1878) from La Gomera. 

Moreover, some other fossil species from Lanzarote 

(Gittenberger & Ripken, 1985) and Europe (Pfeffer, 1929; 

Wenz, 1924; Zilch, 1960) have been described. 

We have found three additional Canariella species, two 

from La Gomera and one from La Palma; they are as- 

signed to a new subgenus, Canariella (Salvinia), subgen. 

nov., to which C. discobolus (Shuttleworth, 1852) is also 

assigned. In this article we describe the new taxa. 

MATERIALS anD METHODS 

The biometric methodology used in the conchological de- 

scriptions is the same as that of Ibafiez et al. (1995). Cal- 

culation of the number of shell whorls follows Kerney & 

Cameron (1979:13). The terms “‘shell’? and “‘specimen”’ 

in the enumerations of material refer to empty shells and 

live specimens, respectively, and “‘proximal’’ and “‘dis- 

tal’’ refer to position in relation to the gonad. Figures 1A, 

Canariella gomerae, and 1C, C. planaria, conchologi- 

cally similar to the new species, as well as the Figures 

1E and 2D, C. (Salvinia) discobolus, are included for 

taxonomic comparisons. 

The following abbreviations are used: AIT, Alonso & 

Ibanez collection, Department of Animal Biology, Uni- 

versity of La Laguna, Tenerife, Canary Islands, Spain; 

ANSP, Academy of Natural Sciences, Philadelphia, Penn- 

sylvania, USA; CGH, K. Groh private collection, Hack- 

enheim, Germany; DMNH, Delaware Museum of Natural 

History, Greenville, USA; FMNH, Field Museum of Nat- 

ural History, Chicago, Illinois, USA; MNHN, Muséum 

National d’Histoire Naturelle, Paris, France; NHM, The 

Natural History Museum, London, UK; NMB, Naturhis- 

torisches Museum, Bern, Switzerland, NMW, National 

Museum of Wales, Cardiff, UK; SME Natur-Museum 
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Senckenberg, Frankfurt/Main, Germany; TFMC, Museo 

de Ciencias Naturales de Tenerife, Canary Islands, Spain; 

ZMZ, Zoologisches Museum der Universitat Ziirich, 

Switzerland. 

SYSTEMATICS 

HYGROMIIDAE Tryon, 1866 

Canariella Hesse, 1918 

Type species: Carocolla hispidula Lamarck, 1822, by 

monotypical designation of Hesse (1918:106—107). 

Diagnosis: Mantle collar with five lobes, left lateral lobe 

almost indistinguishable in several species. Kidney sig- 

murethric, without secondary ureter. Central and first lat- 

eral radular teeth with small but evident ectocones. Right 

ommatophore retractor passing between penis and vagina. 

Dart-sac complex absent. One or several crown-shaped 

vaginal glands, each with an independent, slender initial 

portion present. Distal male duct between atrium and pe- 

nis retractor muscle insertion with a sheath. Differentia- 

tion of penis from epiphallus sometimes indistinguishable 

externally. Penis retractor muscle with epiphallar inser- 

tion. Penial nerve originating from right cerebral gangli- 

on. 

Canariella (Salvinia), subgen. nov. 

Type species: Canariella tenuicostulata, sp. nov. 

Diagnosis: Canariella with hairy, keeled and almost disc- 

shaped shell; umbilicus deep and large (larger than 15% 

of shell diameter). Penis with a small spoonlike, grooved 

penial papilla, arising from two longitudinal epiphallar 

folds that merge distally and extend into the penial cavity. 

Vagina with several vaginal longitudinal folds separated 

from that of the bursa copulatrix pedunculus; near the 

oviducal orifice, inner distal vaginal wall thickened like 

a cushion with two crossed furrows, one longitudinal and 

the other transverse, the cushion occupying almost the 

entire vaginal cavity. 

Remarks: Canariella (Salvinia), subgen. nov., groups 

four species, C. discobolus (Shuttleworth, 1852) and three 

new species described below. They are similar in discoi- 

dal shell form to some other Canariella species, such as 

C. gomerae (Wollaston, 1878), C. planaria (Lamarck, 
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1822), and two new species now in press (Ibafiez et al., 

in press). But Canariella (Salvinia), subgen. nov. differs 

from all other Canariella taxa in the following diagnostic 

character of the vagina, indicated in the diagnosis: “‘near 

the oviducal orifice, inner distal vaginal wall thickened 

like a cushion with two crossed furrows, one longitudinal 

and the other transverse”’ (Figures 2A—D: b, f). The new 

subgenus appears to be restricted to La Gomera and La 

Palma, two of the westernmost islands of the Canarian 

archipelago. 

Etymology: The name Salvinia is dedicated to Dr. Luit- 

fried von Salvini-Plawén (Wien), in honor of his mala- 

cological research. 

Canariella (Salvinia) tenuicostulata 

Alonso, Ibanez & Ponte-Lira, sp. nov. 

(Figures 1K 2A, 3; Table 1) 

Helix discobolus Shuttleworth, Wollaston, 1878:393-394; 

Mabille, 1884:84; Mabille, 1898:98. Non Shuttleworth, 

1852. 

Diagnosis: A large Canariella (Salvinia) with strongly 

keeled, discoidal, umbilicate shell, 6-67, whorls. Penis 

with four longitudinal pilasters; penial papilla about /, 

length of penis. Vagina with two portions, distal tubular, 

long, and slender, and proximal shorter and thicker than 

distal, with two to three vaginal glands. 

Description: Body yellowish pale brown, head with lon- 

gitudinal lines of small darker brown spots. Shell discoi- 

dal, with nearly flat spire of 6-67, strongly keeled whorls; 

umbilicus slightly eccentric. Aperture ovate, angular at 

the shell periphery and with a very thin parietal thick- 

ening in old specimens. Basal and columellar peristome 

regions slightly reflected. Color uniform matte whitish 

brown. Teleoconch finely and radially ribbed dorsally, the 

ribs irregular on the last whorl; ventral ribs slightly more 

pronounced than dorsal ones. Thin periostracal hairs pre- 

sent on keel (up to 500 wm long) and umbilicus. 

Genital system (four specimens dissected): Atrium 

short. Distal male duct longer than flagellum and shorter 

than epiphallar proximal portion. Epiphallus with four 

longitudinal folds, two ending distally as small papillae 

on the orifice connecting the penis and the other two ex- 

tend in the penial cavity giving rise to a penial papilla of 

Figure 1. Shell (scale line: 5 mm). A. Lectotype (Ibdfiez et al., 1995) of Canariella gomerae (Wollaston, 1878) 

(NHM 95.2.216-19), from Hermigua, La Gomera. B. Holotype of C. (Salvinia) tillieri Alonso, Ibanez & Ponte- 

Lira, sp. nov., from Faro de Punta Cumplida, La Palma. C. C. planaria (Lamarck, 1822), lectotype (Ibanez et al., 

1995) of Helix afficta Férussac, 1832 (MNHN, col Férussac), from Tenerife. D. Holotype of C. (Salvinia) squamata 

Alonso, Ibanez & Ponte-Lira, sp. nov., from Agulo, La Gomera. E. C. (Salvinia) discobolus (Shuttleworth, 1852), 

from Barranco de La Rajita, La Gomera. EF Holotype of C. (Salvinia) tenuicostulata Alonso, Ibanez & Ponte-Lira, 

sp. nov., from Lomo del Camello, La Gomera. G. C. (Salvinia) squamata Alonso, Ibanez & Ponte-Lira, sp. nov., 

SEM detail of two irregular squamous hairs of dorsal side of shell (scale line = 100 wm). 
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C. tenuicostulata A 
mC. squamata HL] 

Ge 
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CANARY ISLANDS 3 
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Figure 3. Recent (full symbols) and fossil/subfossil (empty 

symbols) geographical distribution of the species; contour line 

interval: 400 m; symbols represent 1 X 1 km UTM squares. 

about , length of penis. Distal portion of penis with four 

longitudinal wavy pilasters. Vagina with two portions, 

distal tubular, long, and slender with several small lon- 

gitudinal folds, and proximal shorter and thicker than dis- 

tal, with two or three fingerlike vaginal glands which 
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open together near the distal portion. Distal bursa copu- 

latrix duct with numerous irregular longitudinal folds. 

Type material: Holotype (TFMC MT 0376): Collected 

by E. Ponte-Lira, E C. Henriquez, and M. J. Valido (27 

January 1989). Paratypes: 27 specimens and 115 shells 

collected between 1983 and 2001; deposited in AIT (141 

paratypes) and MNHN (1 paratype). Also, 2 paratypes 

(ANSP 6139; col. Hesse, Boettger, 1913, San Sebastian); 

1 paratype (DMNH 128693; ex. R. Jackson, San Sebas- 

tidn); 4 paratypes (FMNH 158207; exch. A. Cobos, San 

Sebastian); 7 paratypes (TFMC MT 0275/1, Lomo del 

Camello and TFMC MT 0282/2, 0287/3 y 0288/1, San 

Sebastian); 6 paratypes (ZMZ 508680/3, leg. Fritsch, 

1863 and ZMZ 508679/3, leg. Wollaston, 1870, San Se- 

bastian surroundings). 

Type locality: Lomo del Camello (La Gomera Island; 

UTM: 28RBS8908, 500 m). 

Distribution, habitat and conservation status: A spe- 

cies endemic to La Gomera, occurring in an area of about 

50 km? in the south-east of the island with lowland veg- 

etation, at an altitude between 100 and 1000 m. Conser- 

vation status proposed: “‘Lower Risk (Least Concern)”’ 

(LR, Ic), according to the IUCN (1994, 1996) Red List 

categories. 

Remarks: Of all the described Canariella species, C. 

tenuicostulata, sp. nov. shares only with C. discobolus 

the diagnostic character of the vaginal ‘‘cushion.’’ The 

main differences between them are related to the shell 

and the vagina: C. discobolus has the shell bigger and 

with stronger ribs than that of C. tenuicostulata, sp. nov., 

and the vagina without the slender distal tubular portion 

present in C. tenuicostulata, sp. nov. 

Wollaston (1878) and Mabille (1884, 1898) incorrectly 

determined this new species as Helix discobolus Shuttle- 

worth, 1852 (Figure 1E), also from La Gomera Island; 

but Shuttleworth’s original conchological description 

(Shuttleworth, 1852) jointly with the drawing (Shuttle- 

worth, 1975) of H. discobolus show the stronger concho- 

logical ornamentation of the last species. 

Etymology: The name tenuicostulata derives from the 

Latin tenuis (thin) and costula (small rib) and refers to 

the shell ornamentation. 

Figure 2. Genital system and anatomical details. A. Canariella (Salvinia) tenuicostulata Alonso, Ibanez & Ponte- 

Lira, sp. nov., from Lomo del Camello, La Gomera (AIT). B. C. (Salvinia) tillieri sp. nov., from Faro de Punta 

Cumplida, La Palma (AIT). C. C. (Salvinia) squamata Alonso, Ibanez & Ponte-Lira, sp. nov., from La Chichara, 

La Gomera (AIT). D. C. (Salvinia) discobolus (Shuttleworth, 1852), from Barranco de La Rajita, La Gomera (AIT). 

Key: a: genital system; b: vagina; c: penis; d: diagram of a penis longitudinal section (without scale); e: epiphallus 

cross section; f: vagina cross section level of thickened wall, showing arrangement of vaginal digitiform glands; 

pi: pilaster. Scale line = 1 mm. 
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Table 1 

Shell biometric data (dimensions in mm) and indices of the Canariella (Salvinia) species. A: shell height; B: shell 

diameter; C: shell, body whorl height; CV: Pearson’s variation coefficient (in %); D: shell height, ventral side; E: length 

of aperture; F: width of aperture; G: umbilicus diameter (exclusive of the peristome); H: shell height, dorsal side (= 

A — D); M: maximum value; m: minimum value; n: number of measured specimens; X: average. 

A B C D E F 

Canariella tenuicostulata 

7.44 17.88 5.88 4.81 6.43 7.05 

M 8.19 19.10 6.29 5.66 7.04 8.99 

m 6.94 15.98 302 3.85 6.00 7.21 

x T2335 A753 5.66 4.89 6.41 7.94 

CV S29 4.14 4.92 6.53 4.30 5.12 

Canariella tillieri 

5.94 13.80 4.84 3.96 5.20 6.09 

M 6.53 14.17 5.07 4.03 5.45 6.30 

m 5.60 11.94 3.90 3.19 4.06 5.02 

x 5.99 13.07 4.56 3.59 5.05 5.78 

CV 4.00 3.64 5.38 6.48 4.75 4.42 

Canariella squamata 

6.61 16.88 S25 4.46 6.18 8.08 

M 6.71 17.58 5.41 4.61 6.18 8.08 

m 6.36 16.44 4.86 4.15 5.74 7.86 

xX 6.54 16.77 5.20 4.46 6.07 7.97 

CV 1.76 1.82 2.34 2.29 1.98 1.07 

Canariella discobolus (Shuttleworth, 1852) 

M 7.81 20.21 5.97 5.56 Geile 9.73 

m 6.62 16.08 5.14 4.21 5.67 3.56 

xX 7.16 18.14 5.61 5.03 6.41 7.93 

CV 4.68 4.78 3.45 7.03 5.43 9.52 

Canariella (Salvinia) tillieri 

Alonso, Ibanez & Ponte-Lira, sp. nov. 

(Figures 1B, 2B, 3; Table 1) 

Helix afficta Férussac, Mousson, 1872: 65; Wollaston, 1878: 

392. Non Férussac, 1832. 

Diagnosis: A medium-sized Canariella (Salvinia) with 

keeled, discoidal, umbilicate shell, 5Y,- 6Y, whorls. Penis 

with three longitudinal pilasters; penial papilla about 7 

length of penis. Vagina with two portions, distal tubular, 

long, and slender, and proximal shorter and thicker than 

distal, with one to two vaginal glands. 

Description: Body whitish grey-brown, head with lon- 

gitudinal lines of small darker brown spots. Shell discoi- 

dal, with a flattened spire of 5%-6/, keeled whorls; um- 

bilicus slightly eccentric. Aperture ovate, angular at the 

shell periphery. Basal and columellar peristome regions 

slightly reflected. Color uniform matte whitish brown, the 

keel whitish. Shell finely and radially ribbed, the ribs 

slightly more pronounced dorsally in the last whorl; ven- 

tral ribs slightly more pronounced than dorsal ones. Thin 

periostracal hairs present on keel (up to 400 pm long) 

| umbilicus (up to 70 ym long). 

A/B H/B D/B E/F B/G n 

2.76 (holotype) 

3.35 

2.39 
2.86 0.42 0.14 0.28 0.81 6.15 12 
6.97 2.82 10.48 4.43 4.24 6.58 

2.81 (holotype) 

2.46 0.46 0.18 0.27 0.87 5.41 23 

11.63 5.01 12.20 4.80 3.68 10.01 

2 (holotype) 

94 

3.51 0.39 0.12 0.27 0.76 4.82 6 
9.07 1.49 6.29 3.98 1.98 8.31 

3.95 0.40 0.12 0.28 0.85 4.65 17 

9.95 5.65 26.42 6.36 14.52 7.88 

Genital system (two specimens dissected): Atrium 

short. Distal male duct similar in length to flagellum and 

shorter than epiphallar proximal portion. Epiphallus with 

four longitudinal folds, one ending inside the epiphallus, 

another ending distally as small papilla on the orifice con- 

necting the penis and the other two extend in the penial 

cavity giving rise to a penial papilla of about / length of 

penis. Penis distal portion with three short and thick lon- 

gitudinal pilasters. Vagina with two portions, distal tu- 

bular, long, and slender with two small longitudinal folds, 

and proximal shorter and thicker than distal, with one or 

two fingerlike vaginal glands. Distal bursa copulatrix duct 

with numerous irregular longitudinal folds. 

Type material: Holotype (TFMC MT 0378): Collected 

by E. Ponte-Lira, EK C. Henriquez, and M. J. Valido (19 

February 1989). Paratypes: 9 specimens and 86 shells 

collected between 1984 and 1989; deposited in AIT (88 

paratypes), ANSP (A17993/1 and 396998/1), CGD (1 

paratype), NHM (1 paratype), MNHN (1 paratype), SMF 

(309878/1) and TFMC (MT 0290/1). Also, 2 paratypes 

(NMB 289/2) and 1 paratype (NMW 1955.158.1525/1) 

from ‘‘La Palma.” 
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Type locality: Faro de Punta Cumplida (La Palma Island; 

UTM: 28RBS2893, 10 m). 

Distribution, habitat, and conservation status: A spe- 

cies endemic to La Palma, occurring in an area of about 

100 km? in the north of the island with lowland vegeta- 

tion, at an altitude between 10 and 1000 m. Conservation 

status proposed: ‘“‘Lower Risk (Least Concern)”’ (LR, Ic), 

according to the IUCN (1994, 1996) Red List categories. 

Remarks: Other than the characters listed in the diag- 

nosis, C. fillieri, sp. nov. differs from C. tenuicostulata, 

sp. nov. in distal vagina, only with two small longitudinal 

folds. 

Mousson (1872), Wollaston (1878), and subsequent au- 

thors incorrectly determined this species as Helix afficta 

Férussac, 1832 (Figure 1C), which is a junior synonym 

of Canariella planaria (Lamarck, 1822), a conchologi- 

cally similar species endemic to north-east of Tenerife 

Island. 

Etymology: The specific name is dedicated to Dr. Simon 

Tillier (MNHN), in honor of his malacological research. 

Canariella (Salvinia) squamata 

Alonso, Ibanez Ponte-Lira, sp. nov. 

(Figures 1D, G; 2C; 3; Table 1) 

Diagnosis: A large Canariella (Salvinia) with keeled, 

discoidal, umbilicate shell, 6-6, whorls; large periostra- 

cal squamous hairs on all the whorls. Penis with five lon- 

gitudinal slender pilasters; penial papilla about % length 

of penis. Vagina with two portions, distal tubular, long, 

and slender, and proximal shorter and thicker than distal, 

with four vaginal glands. 

Description: Shell discoidal, with a nearly flat spire of 

5¥,-6 keeled whorls; umbilicus slightly eccentric. Aper- 

ture ovate, angular at the shell periphery and with a very 

thin parietal thickening in old specimens. Basal and col- 

umellar peristome regions slightly reflected. Color uni- 

form matte whitish brown. Teleoconch finely and radially 

ribbed dorsally with ribs slightly more pronounced in the 

last whorl; ventral ribs slightly smoother than dorsal ones; 

the ribs are crossed by delicate spiral lamellae, visible 

under magnification. Large periostracal squamous hairs 

present on all the whorls, up to 600 pm long on keel and 

only up to 80 wm long in umbilicus. 

Genital system (three specimens dissected): Atrium 

short. Distal male duct longer than epiphallar proximal 

portion, and the last longer than flagellum. Epiphallus 

with four longitudinal folds, one ending inside the epi- 

phallus, another ending distally as small papilla on the 

orifice connecting the penis, and the other two extend in 

the penial cavity giving rise to a penial papilla of about 

¥; length of penis. Penis distal portion with five longitu- 

dinal slender and wavy pilasters. Vagina with two por- 
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tions, distal tubular, long, and slender, with several lon- 

gitudinal folds, and proximal shorter and slightly thicker 

than distal, with four fingerlike vaginal glands. Distal bur- 

sa copulatrix duct with numerous irregular longitudinal 

folds. 

Type material: Holotype (TFMC MT 0377): Collecting 

by P. Oromi (25 December 1986). Paratypes: 7 speci- 

mens, 59 fresh shells and 38 subfossil shells, collected 

between 1978 and 1989); deposited in AIT (103 para- 

types) and TFMC (MT 0276/1). 

Type locality: Agulo (La Gomera Island: UTM: 

28RBS8420, 100 m). 

Distribution, habitat, and conservation status: A spe- 

cies endemic to La Gomera, occurring in an area of about 

20 km? in the north-east of the island with lowland veg- 

etation and also with fayal-brezal, at an altitude between 

100 and 1100 m. Conservation status proposed: ‘‘Lower 

Risk (Near Threatened)”’ (LR, nt), according to the IUCN 

(1994, 1996) Red List categories. 

Remarks: C. squamata, sp. nov. is distinguished from 

C. tenuicostulata, sp. nov. and C. ftillieri, sp. nov. by 

some characters listed in the diagnosis, as the number of 

penial pilasters and vaginal glands, as well as the size of 

the penial papilla in relation to the penis length. Canar- 

iella squamata, sp. nov. also differs from all the known 

Canariella species by the squamous hairs of the shell. 

Etymology: The specific name derives from the Latin 

squamatus (scaly), and refers to the shell hairs, like 

scales. 
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Abstract. Previous work demonstrating concordant patterns of reproductive isolation, fixed genetic differences, and 

morphological differentiation indicates the existence of morphologically cryptic “‘northern’’ and “‘southern”’ species 

within the nominal taxon Nucella emarginata. The southern species, which retains the name Nucella emarginata (De- 

shayes, 1839), is characterized by four to five rows of spiral sculpture on the body whorl of the shell in the form of 

regularly spaced knobs plus an adapical tooth or callus on the columella. The type locality for N. emarginata is San 

Miguel Island, California. The northern species, N. ostrina (Gould, 1852) is characterized by five to six cords of 

continuous spiral sculpture, a taller and more slender spire, and usually a more flared aperture than N. emarginata. The 

type locality for N. ostrina is Tillamook Bay, Oregon. Because Deshayes’ original description of N. emarginata was 

based on four specimens (syntypes), we have re-figured and designated one of these syntypes as a lectotype. A lectotype 

for N. ostrina was assigned previously (Johnson, 1964). A new analysis of previously published mitochondrial DNA 

sequences and molecular clock calibration dates from the fossil record also indicates a late Pleistocene divergence for 

N. ostrina and N. emarginata. A late Pleistocene divergence time, and the subtle nature of morphological differentiation 

between these two species, together provide an important counter-example to the prevailing view that little speciation 

occurred during the Pleistocene along rocky Californian shores, a period characterized by rapid and frequent environ- 

mental change. 

INTRODUCTION Because patterns of geographic variation in shell form are 

particularly pronounced in Nucella, this genus provides 

an unusually challenging group for characterizing the re- 

lationship between morphological form and reproductive 

isolation. 

Accurate discrimination of biological species is essential 

for describing patterns of organismal diversity, a funda- 

mental first step toward understanding the processes that 

generate diversity at the species level (Knowlton, 1993; ieee 4 2 
Thorpe & Sole-Cava, 1994; Klautau et al., 1999). In the A combination of data from genetic markers and mor- 

ocenebrine gastropod genus Nucella Réding, 1798, per- phological characters, as well as direct evidence of repro- 

vasive geographic variation in shell form within nominal ductive isolation, together indicate the existence of two 

species has led to an extensive history of taxonomic con- biological species within the nominal taxon N. emarginata 

fusion at the species level (see Palmer et al., 1990). Cur- (Deshayes, 1839). First, Palmer et al. (1990) demonstrated 

rently, four nominal species of Nucella on the west coast a fixed genetic difference at an allozyme locus (Isocitrate 

of North America are widely recognized in the literature. dehydrogenase-2, EC 1.1.1.42) between “northern” and 
“southern”? populations of N. emarginata. Second, this 

. 
: “6 as als _ Ww e concordant 

' Current address: Department of Marine Sciences, 12-7 Ven- eee oe able Hall, CB#3300, University of North Carolina at Chapel Hill, with subtle morphological differences in both shell and egg 
Chapel Hill, North Carolina 27599, USA. capsule morphology (Palmer et al., 1990). Third, con- 
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trolled laboratory crosses between northern and southern 

populations failed to produce any offspring (Palmer et al., 

1990). Lastly, a geographically broader survey of both al- 

lozyme loci and mitochondrial DNA (mtDNA) sequences 

(cytochrome c oxidase 1) further revealed that genetic and 

morphological differentiation between northern and south- 

ern morphological forms of N. emarginata are consistent 

throughout a broad region of sympatry in central Califor- 

nia, between San Francisco and Point Conception (Marko, 

1998). The combination of morphological, reproductive, 

and genetic differences now provides conclusive evidence 

of two biological species within N. emarginata: a northern 

species found between Yakutat, Alaska and Point Concep- 

tion, California, and a southern species distributed from 

San Francisco, California to Punta Eugenia, Baja Califor- 

nia Sur (see Palmer et al., 1990; Marko, 1998). 

The northern species was provisionally recognized as 

Nucella ostrina (Gould, 1852) in an earlier paper (see 

Marko, 1998). Here, we present formal systematic de- 

scriptions for these two sibling species plus designate a 

lectotype for N. emarginata (a lectotype for N. ostrina 

was previously chosen by Johnson, 1964). Given only 

subtle morphological differences between these two spe- 

cies, we also investigate these species’ time of diver- 

gence, based on analyses of previously published mito- 

chondrial DNA sequences (from Marko, 1998). We then 

discuss the relevance of the timing of this speciation 

event toward understanding spatial and temporal patterns 

of morphological and species diversity in molluscan fau- 

nas of the cool-temperate Eastern Pacific. 

MATERIALS AnD METHODS 

Both Gould’s and Deshayes’ specimens were examined 

for comparison to the morphological differences that are 

associated with genetic differences and reproductive iso- 

lation between Nucella emarginata and N. ostrina (Palm- 

er et al., 1990; Marko, 1998). Shells from PBM’s personal 

collection were examined and photographed to present a 

sampling of geographic variation in shell form within 

both species. Rather than attempting to document the en- 

tire range of variation in both species, and considering 

that the basic morphological differences were recently 

figured elsewhere (Palmer et al., 1990), we instead fo- 

cused on specimens that exhibit relatively subtle differ- 

ences in shell morphology. Material from the Natural His- 

tory Museum, London (NHM), Museum National 

d’Histoire Naturelle, Paris (MNHN), The United States 

National Museum of Natural History (USNM), the Nat- 

ural History Museum of Los Angeles County (LACM), 

and the Zoological Institute of the Russian Academy of 

Sciences (ZIRAS) were also examined. 

To determine whether limited morphological differen- 

tiation between these species reflects recent speciation, 

erred the time of divergence for N. ostrina and N. 

irginata using previously published (Marko, 1998) cy- 

we inf 
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tochrome c oxidase I (CO1) sequences from 50 individ- 

uals (Genbank accession numbers for mtDNA haplo- 

types: AFO76536—AFO76560). We calculated maximum 

likelihood sequence divergences among all CO1 haplo- 

types with PAUP* 4.0 (Swofford, 2001) using the HKY 

model-of nucleotide substitution (Hasegawa et al., 1985) 

coupled with gamma-distributed rate heterogeneity 

among nucleotide sites (Yang, 1994). Actual nucleotide 

frequencies were assumed to equal the observed frequen- 

cies, and the transition to transversion ratio (t) and the 

shape parameter (a) for rate heterogeneity among sites 

were each inferred using a Neighbor-joining tree topology 

based on Jukes-Cantor genetic distances (Jukes & Cantor, 

1969). A log-likelihood ratio test (see Felsenstein, 1988; 

Huelsenbeck & Crandall, 1997) was used to determine if 

Nucella CO1 satisfied the criterion of substitution rate 

constancy, an assumption that must be valid in order to 

infer divergence times from molecular sequences. In all 

analyses, trees were rooted with haplotypes from the con- 

geners N. canaliculata and N. lima (Genbank accession 

numbers AFO76561—AFO76565). 

Using the procedure described by Nei & Li (1979), we 

calculated the net sequence divergence at third positions 

between species aS Pap (rey = Pap — 0-5 (Pa + Pp), Where 

Pa and pz, are the mean sequence divergences among in- 

dividuals within species A and B, respectively, and pap 

is the mean sequence divergence among individuals be- 

tween species (also see Avise & Walker, 1998; Edwards 

& Beerli, 2000). Net nucleotide divergence more accu- 

rately estimates the time elapsed since population split- 

ting because uncorrected gene divergences between spe- 

cies will always predate speciation (Nei & Li, 1979; Av- 

ise & Walker, 1998; Avise, 2000; Edwards & Beerli, 

2000). To determine the rate at which COI diverges, we 

used the split between N. canaliculata and the N. emar- 

ginata/N. ostrina clade as a calibration point, which is 

known from the fossil record to have occurred between 

5-10 Ma ago (Collins et al., 1996). The rates inferred 

from this fossil calibration were then applied to the net 

COl1 divergence between N. ostrina and N. emarginata 

to infer their time of separation. 

SYSTEMATICS 

Family MuriciDAE Rafinesque, 1815 

Subfamily OCENEBRINAE Cossmann, 1903 

Genus Nucella RGéding, 1798 

Nucella emarginata (Deshayes, 1839) 

(Figures 1A—D, 2M-T) 

Purpura emarginata Deshayes, 1839: 360.—Deshayes, 
1841: pl. 25.—Reeve, 1845: 3, pl. 10, fig. 46.—Cooke, 
1915: 203. 

Thais emarginata Vanatta, 1910: 38. 
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Figure 1. A—D. Lectotype of Nucella emarginata (Deshayes, 1839). Shell length: 25 mm. E—G. Lectotype of N. ostrina (Gould, 1852). 

Shell length: 20 mm. A and E. Apertural views; B and FE Abapertural views. C and G. Apical views. D. Callus or tooth on the adapial 

end of the aperture of N. emarginata lectotype. Scale bar = 2 mm (F only). 

Thais (Nucella) emarginata Dall, 1915: 569, pl. 75, figs. 2— 

3.—Oldroyd, 1927: 44, pl. 36, figs. 2-3. 

Nucella emarginata Abbott, 1974: 182, fig. 1909.—McLean, 

1978: 46, fig. 24—4.—Palmer et al., 1990: 325, fig. 3. 

Type material examined: Purpura emarginata, MNHN 

syntypes. Purpura rupestris, MNHN syntypes. 

Designation of lectotype: Deshayes’ descriptions were 

based on four different specimens. We have therefore des- 

ignated the specimen in Figure | as the lectotype. 

Type locality: Purpura emarginata, San Miguel Island, 

California, USA. Purpura rupestris, no type locality re- 

corded. 

Description: Shell ovate, body whorl typically large, and 

spire both short and broadly conical. Color yellowish to 

brown, some banded. Whorls convex. When shell sculp- 

ture is well developed, spiral sculpturing consists of reg- 

ularly spaced knobs at the distal margins of the spiral 

cords (Palmer et al., 1990: fig. 3). Body whorl with four 

to five rows of major spiral cords; some specimens with 

minor cords between major cords. Penultimate whorl with 

two cords. Columella curved, flattened; color light brown 

to white. Aperture large, outer lip sometimes wavy (de- 

pending on extent of external sculpturing), five teeth re- 

cessed from margin. Typically with a tooth or callus on 

the adapical end of the aperture of the shell (Figures 1A, 
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D). Egg capsules cylindrical with relatively short necks, 

distal flared margin. Shells and egg capsules of N. emar- 

ginata are figured extensively elsewhere; for examples 

see Palmer et al. (1990). 

Geographic range: On rocky shores in the middle to 

high intertidal between Punta Eugenia, Baja California, 

Mexico and Fort Point, near San Francisco, California, 

USA. Although a single specimen from Punta Eugenia, 

Baja California Sur has been collected (LACM 51-43.16), 

N. emarginata appears to be rare south of Punta Cabras, 

Baja California, Mexico. In 1993 and 1994, PBM found 

N. emarginata to be abundant (approximately five to 10 

individuals/m?) at Punta Descanso, Punta Mesquite, Punta 

Banda, Punta Santo Tomas, and Punta Cabras. However, 

7 km to the south of Punta Cabras, only eight individuals 

were found at Ejido Erendira; only four individuals were 

collected farther south at Punta Baja. These observations 

correspond to a pattern found in the collections housed 

at the LACM: only two of 13 Baja California lots are 

from south of Punta Cabras (including the Punta Eugenia 

individual), totaling eight specimens. Nucella emarginata 

is patchily distributed but abundant in southern California 

wherever suitable rocky substrate is found. Between Point 

Conception, California and San Francisco, California, N. 

emarginata is found only in embayments such as Mon- 

terey Bay, San Luis Bay, Morro Bay, Half Moon Bay, 

and at Fort Point, just inside San Francisco Bay (see 

Palmer et al., 1990; Marko, 1998). LACM material from 

Tomales Bay, just north of San Francisco, includes two 

individuals that possess spiral knobs and an apertural 

tooth, suggesting that the geographic range of N. emar- 

ginata extends beyond San Francisco. PBM collected ex- 

tensively in Tomales Bay between 1991-1997, but found 

no individuals with the uniquely derived morphological 

features of N. emarginata. 

Remarks: Purpura emarginata was first described by 

Deshayes (1839) but no figures were published in the 

original description. A drawing was published 2 years 

later (Deshayes 1841), but this figure captures little detail 

of the shell. We therefore re-examined Deshayes’ syn- 

types (Figure 1) and found that they possess the charac- 

teristic knobby sculpture on the body whorl of the shells 

that is characteristic of the southern species described by 

Palmer et al. (1990). Vanatta (1910:38) remarked that the 

name N. emarginata Deshayes refers to a “‘short-spired 

rather rough surfaced form,” likely referring to the typi- 

cally short-spired shell and rough, knobby sculpture of 
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populations found from San Francisco south. In some 

populations where sculpture is weakly developed, such as 

in the vicinity of Point Conception, California (e.g., Fig- 

ures 2R, T), the early (juvenile) whorls of the shell often 

exhibit the characteristic uniformly spaced knobs. One of 

us (GJV) noticed that a small tooth or callus on the adap- 

ical end of the columella also characterizes the southern 

species (Figure 1D). The presence of the adapical tooth 

can be subtle in thin-shelled specimens (e.g., Figure 20), 

but is often well developed in shells from wave-protected 

environments (e.g., Figures 2M, Q). Due to its position 

on the inner surface of the columella, the presence of the 

adapical tooth is often readily diagnosed by sliding a 

blunt probe over the posterior end of the columella. Based 

on the correspondence between the morphological char- 

acters, the southern species recognized by Palmer et al. 

(1990) retains the name N. emarginata. 

Deshayes’ syntypes were said by their collector, M. 

Chiron, to have been collected in New Zealand (Deshay- 

es, 1839). Dall (1915) later revised the type locality as 

San Miguel Island ‘‘where the typical form is abundant” 

(Dall, 1915:570). One of us (PBM) examined museum 

specimens from San Miguel Island (LACM 67-38.33, 

60602, 60571, 60576) finding a mixture of both N. emar- 

ginata and N. ostrina morphologies. Although both spe- 

cies are likely present on San Miguel Island, we see no 

reason to change the type locality given the apparent 

abundance of snails at this location possessing the char- 

acteristic shell features of N. emarginata. 

Dall (1915) suggested that Purpura lagenaria Duclos, 

1832 (not of Lamarck, 1822) and Purpura rupestris Va- 

lenciennes, 1846, might be junior synonyms of Purpura 

emarginata. The syntypes of P. rupestris (MNHN) were 

recently identified as Lepsithais lacunosus (Bruguiere, 

1789), from New Zealand (B. Marshall, personal com- 

munication). However, the whereabouts of Purpura la- 

genaria Lamarck, 1822, figured by Duclos 1832, is un- 

known. This specimen may be in the Natural History Mu- 

seum of Clermont-Ferrand (France), which houses the 

Duclos collection, but this collection is currently unavail- 

able for study (P. Bouchet, personal communication). 

Nevertheless, the specimen figured by Duclos (Duclos, 

1832: pl. 11, fig. 11) clearly possesses a curved siphonal 

canal. Therefore, if from the eastern Pacific, P. lagenaria 

is most likely not a member of the genus Nucella, and 

may instead be a specimen of Acanthinucella Cooke, 

1918. 

Several authors (Reeve, 1845; Tryon, 1880; Vanatta, 

Figure 2. Morphological geographic variation (apertural and apical views, respectively) among Nucella ostrina 

(A-N) and N. emarginata (M-T). A, B. Sitka, Alaska (USNM 88842). C, D. Tatoosh Island, Washington. E, E 

Cape Arago, Oregon. G, H. Shelter Cove, California. I, J. Ocean Beach, San Francisco, California. K, L. Soberanes 

Point, California. M, N. Half Moon Bay, California. O, P. Pacific Grove, California. Q, R. San Luis Obispo, 

California. S, T. Laguna Beach, California. Scale bar = 10 mm. 



Page 82 The Veliger, Vol. 46, No. 1 

Table 1 

Comparison of morphological differences between Nucella ostrina and N. emarginata. 

Shell character N. ostrina 

Spire Taller and more slender 

Aperture Typically flared 

External sculpture 

Egg capsules 

N. emarginata 

Typically 5—6 continuous spiral cords 

Vase-shaped, with a longer neck 

Shorter and broader 

Narrow, with a callus or tooth on the 

abapical surface 

Evenly spaced spiral knobs 

Cylindrical, with a shorter neck, flared 

distally 

1910; Dall, 1915) regarded Purpura conradi Nuttall as a 

junior synonym of N. emarginata. Purpura conradi, how- 

ever, was never described, known only from an unpub- 

lished manuscript plus several specimens deposited in the 

NHM by Nuttall (see Reeve, 1845; Tryon, 1880). There- 

fore, it is not an available name and we do not include it 

in our synonymy. Reeve, Vanatta, and Tryon all remarked 

that the spiral cords of the P. conradi specimens are dis- 

continuous, giving the shell a rough, knobby exterior. 

Two of us (PBM and GJV) have also examined the same 

shells (NHM 1855.3.14.34) and concur that they are spec- 

imens of N. emarginata. 

Nucella ostrina (Gould, 1852) 

(Figures 1E—G, 2A—L) 

Purpura ostrina Gould, 1852: 244.—Gould, 1857: pl. 18, 

figs. 310a, b.—Johnson, 1964: 120, pl. 9, fig. 12. 

Thais emarginata variety projecta Dall, 1915: 571.—Dall, 

1921: 112 (refers to a figure in Dall, 1915, that is not 

T. emarginata var. projecta). 

Nucella ostrina Abbott, 1974: 182, fig. 1910 (in synonymy 

with N. emarginata). 

Type material examined: Purpura ostrina Gould 1852, 

lectotype, Museum of Comparative Zoology, Harvard 

University (MCZ 19275). Thais emarginata variety pro- 

jecta Dall 1915, holotype, United States National Muse- 

um of Natural History (USNM 88842). Purpura lapillus 

variety anomala Middendorff 1849, holotype, Zoological 

Institute of the Russian Academy of Sciences (ZIRAS 

20633). 

Type locality: Purpura ostrina, Killimook [Tillamook 

Bay], Oregon, USA. Thais emarginata variety projecta, 

Sitka, Alaska, USA. Purpura lapillus variety anomala, 

Lapland Russia (Barents Sea). 

Description: Very similar to N. emarginata. Shell ovate, 

body whorl large, and spire both short and broadly con- 

ical. Color white to dark purple, some banded. Base color 

and banding variation extensive, greater than in N. emar- 

ginata. Whorls convex. When shell sculpture is well de- 

veloped, spiral sculpturing consists of continuous spiral 

cords (Palmer et al., 1990:fig. 3). Body whorl with five 

) six rows of major spiral cords; most specimens with 

minor cords between major cords. Penultimate whorl with 

two cords: Columella curved, flattened; color dark purple 

to white. Apertural teeth not common. Egg capsules vase- 

shaped, generally more slender than in N. emarginata. 

Comparison: See Table 1. 

Geographic range: From Yakutat, Alaska, (Vermeij et 

al., 1990) to Point Conception, California (Marko, 1998), 

but specimens also known from San Miguel Island, Cal- 

ifornia (see above). Between San Francisco and Point 

Conception, NV. ostrina is found predominantly on wave- 

exposed shores and seldom occurs in calm water envi- 

ronments. 

Remarks: Nucella ostrina Gould (1852) is the oldest 

available name that has been applied to populations cor- 

responding to the northern species. Although the N. os- 

trina lectotype has weak external shell sculpture, the spi- 

ral cords on the apex of this relatively tall shell are clearly 

continuous, the aperture is large, and the specimen lacks 

an adapical tooth on the columella. The only other taxon 

that potentially has priority over N. ostrina is Purpura 

lapillus var. anomala Middendorff, 1849, a species that 

resembles N. ostrina but which was synonymized with N. 

emarginata by Dall (1915). However, one of us (ARP) 

recently examined the anomala holotype, recognizing it 

as simply a highly aberrant specimen of N. lapillus col- 

lected in the North Atlantic. 

Dall (1915) also published a detailed drawing of a sin- 

gle specimen from Lituya Bay, Alaska (USNM 220975) 

that possesses spiral knobs and an adapical apertural 

tooth. We have collected extensively throughout southeast 

Alaska and have found no specimens that remotely re- 

semble the southern species in these respects. In fact, 

Alaskan specimens are typically unusually high spired 

and very thin shelled, such as Dall’s (1915) T. emarginata 

var. projecta (Figures 2A, B, USNM 88842) from nearby 

Sitka, Alaska. Collections of N. ostrina (LACM 75-77.4 

and 75—77.5) from the vicinity of Lituya Bay all lack an 

adapical tooth and are also high-spired shells with well 

developed spiral cords, similar to 7. emarginata var. pro- 

jecta (Figures 2A, B). Although some specimens of N. 

ostrina do exhibit weakly nodulose or bumpy sculpture, 

the specimen figured by Dall from Lituya Bay is unlike 
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any specimen we know of from north of San Francisco. 

We therefore believe that the southeastern Alaska locality 

assigned to the single specimen from Lituya Bay is also 

in error. 

RESULTS 

A likelihood ratio test indicates that a constant rate of 

nucleotide substitution can be rejected across all CO1 nu- 

cleotide sites for Nucella emarginata and N. ostrina (2Aln 

= 48.0, df = 28, P < 0.025). However, third position 

substitutions, most of which do not result in amino acid 

changes, satisfy the rate constancy assumption (2AIn = 

24.8, df = 28, P > 0.5). Therefore, we restricted our 

estimates of divergence times to third codon positions. 

Using a divergence of 5-10 Ma for Nucella canaliculata 

and the N. emarginata/N. ostrina clade, we obtained a 

rate of third position divergence of 3.1—6.6% per 1 Ma 

for CO1 third positions. Given that Nucella ostrina and 

N. emarginata differ by 1.1% at third positions, we infer 

N. emarginata and N. ostrina diverged 167,000—355,000 

years. 

DISCUSSION 

The existence and identification of cryptic species has 

important implications for characterizing spatial and tem- 

poral patterns of species diversity and therefore for de- 

veloping hypotheses about the relative timing of environ- 

mental changes and speciation (Mayr, 1942; Levinton & 

Simon, 1980; Michaux, 1989; Jackson & Cheetham, 

1990; Knowlton, 1993: Budd et al., 1994; Klautau et al., 

1999; Marko & Jackson, 2001). For example, because of 

the high frequency and relatively rapid pace of changes 

in climate, sea level, and coastal geomorphology along 

the Californian coast during the Pleistocene, rates of spe- 

ciation have been hypothesized to be relatively high dur- 

ing this period of time because such environmental 

changes are believed to cause disruptions in gene flow 

between populations of intertidal marine organisms (Go- 

likov, 1973; Valentine & Jablonski, 1983; Vermeij, 1989; 

Reid, 1990; Collins et al., 1996). 

Direct comparisons of molluscan diversity between the 

Pleistocene and Recent, however, do not support the hy- 

pothesis that speciation and extinction rates were elevated 

during the last 1-2 million years: the strong similarity 

between Recent and Pleistocene faunas (e.g., Vedder & 

Norris, 1963; Marincovich, 1976; Valentine, 1989) is in- 

terpreted as evidence that the effects of speciation and 

extinction were likely negligible along rocky shores of 

the Californian coast during the last 1-2 Ma (Valentine 

& Jablonski, 1993; Lindberg & Lipps, 1996; Roy et al., 

1996). However, if many evolutionarily distinct species, 

such as N. emarginata and N. ostrina, have been lumped 

into artificially cosmopolitan nominal species, rates of 

speciation and extinction in the fossil record are likely 

underestimated. A late Pleistocene separation for WN. 
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emarginata and N. ostrina therefore provides an impor- 

tant counter-example to the conclusion that little specia- 

tion occurred during the Pleistocene along rocky Califor- 

nian shores. Instead, for Nucella, the Pleistocene may 

have been a period of limited morphological differentia- 

tion between species. 

Inferred divergence times based on molecular sequence 

data have important caveats, even if sequences evolve at 

a constant rate. Poor calibrations, due to inconsistencies 

in the fossil record, often introduce the greatest source of 

error in molecular clock analyses (Lee, 1999; Yoder & 

Yang, 2000). For example, Nucella canaliculata and the 

N. emarginata/N. ostrina clade likely diverged earlier 

than the fossil record indicates because actual splits al- 

ways predate the appearance of new taxa in the fossil 

record. An earlier divergence of the calibration taxa 

would result in a smaller inferred rate of CO1 divergence, 

which in turn would yield an earlier time of separation 

for N. emarginata and N. ostrina. However, a pre-Pleis- 

tocene divergence for N. ostrina and N. emarginata 

would entail a time of divergence for the calibration in 

excess of 40 Ma. Although we cannot reject an earlier 

time of divergence for our calibration taxa, an Eocene 

divergence for N. canaliculata and the N. ostrina/N. 

emarginata lineage (a crown clade within Nucella see 

Collins et al., 1996) is highly improbable given that the 

genus Nucella only first appears in the fossil record dur- 

ing the latest Oligocene or earliest Miocene (Collins et 

al., 1996). 

A second source of error we consider is that the 

amount of sequence divergence between our calibration 

lineages may be significantly underestimated. Although 

assuming an explicit model of nucleotide substitution 

takes multiple substitutions at single nucleotide sites into 

account, error in the estimates of molecular divergence 

(i.e., branch lengths between taxa) may also result in poor 

estimates of divergence rates. Because the divergences of 

interest here are relatively recent (5 to 10 Ma), the prob- 

lem of saturation of nucleotide positions with multiple 

substitutions is probably not an important factor: uncor- 

rected mitochondrial third positions only begin to ap- 

proach saturation in Nucella after 5 to 10 million years 

(Collins et al., 1996; Marko & Vermeij, 1999). Neverthe- 

less, even if our estimates of sequence divergence are 

biased because of saturation, this bias is conservative 

with respect to our conclusions: larger sequence diver- 

gences between the taxa used to calibrate our molecular 

clock would result in larger rates of sequence divergence, 

which in turn would yield an even more recent range of 

divergence times for N. emarginata and N. ostrina. 

The inherent difficulty in distinguishing biological spe- 

cies based on morphology alone in Nucella suggests that 

the process of speciation (i.e., the evolution of reproduc- 

tive isolation) is not necessarily accompanied by dramatic 

morphological differentiation when compared to patterns 

of geographic variation within species (also see Palmer, 
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1985b). Therefore, interpretations of the fossil record of 

Nucella that employ the assumption that speciation may 

be recognized by significant morphological changes (e.g., 

Kerr, 1995) must be considered in light of the subtle dif- 

ferences in shell form between the two most recently di- 

verged species, N. emarginata and N. ostrina. Although 

the extent of intraspecific variation in shell morphology 

in Nucella is somewhat unusual, making the recognition 

of biological species particularly difficult, the existence 

of cryptic species in rocky shore gastropods is not an 

uncommon phenomenon. For example, other prominent 

fossilizable taxa such as Littorina, Lottia, and Mexacan- 

thina (formerly assigned to Acanthina, see Marko & Ver- 

meij, 1999) all harbor morphologically similar but genet- 

ically distinct species on the Pacific coast of North Amer- 

ica (Murphy, 1978; Mastro et al., 1982; Marko & Ver- 

meij, 1999). As a consequence, species identifications 

based purely on morphological grounds must always be 

assessed in this context. 
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Observations on Growth and Gametogenesis of the Atlantic Papermussel, 

Amygdalum papyrium (Conrad, 1846), from Coastal Georgia 
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Abstract. The Atlantic papermussel, Amygdalum papyrium (Conrad, 1846), appears to be short lived (< 1 year), 

reaches sexual maturity at an early age, has a prolonged spawning period, and appears to be a semelparous species. 

Mussels were observed to recruit into areas of the Satilla River in summer 1999. By October most mussels were in the 

spawning stage, with this stage dominating until February 2000 when 83% of mussels were spent. All mussels were 

dead by March 2001. Amygdalum papyrium is dioecious and females dominated (4.41 females : 1.00 male) the population. 

INTRODUCTION 

Amygdalum papyrium (Conrad, 1846) is a small marine 

bivalve (< 32 mm in shell length) of the family Mytilidae 

that occurs from Maryland to Texas (Abbott, 1974). 

Members of the genus Amygdalum Megerle von Miihl- 

feld, 1811, are nest builders (Morton, 1977; Oliver, 2001), 

and A. papryium has been described as building nests in 

the Chesapeake Bay (Castagna & Chanley, 1973). This 

species is generally found attached to submerged sea- 

grasses (Allen, 1955) but also occurs in the intertidal zone 

in the Chesapeake Bay (Castagna & Chanley, 1973). 

Amygdalum papyrium is uncommon in Georgia presum- 

ably due to the absence of subtidal seagrass beds. Other 

than a study on larval morphology (Fuller & Lutz, 1989), 

little is known of its biology. 

During the summer of 1999, a massive set of A. pa- 

pyrium occurred on crab pot floats, dock floats, and dock 

pilings in the Satilla River, Georgia. Since these mussels 

appeared inland and in traditionally brackish water areas, 

there was concern by many that degrading water quality 

in the river may have triggered this recruitment. Mussels 

were gathered by Mr. James Holland of the Altamaha- 

River-Keepers Organization on 8 October 1999, and 

brought to the Shellfish Laboratory for identification. 

With the large number of mussels provided by Mr. Hol- 

land, we took the opportunity to study the growth and 

reproductive cycle of this mussel. 

MATERIALS AND METHODS 

Once the species was identified, 100 specimens were ran- 

domly selected from a crab pot float, measured for shell 

length (longest possible measurement, 1.e., anterior-pos- 

terior) with vernier calipers, and a gonadal sample (ca. | 

cm’ from gut) was removed from each specimen and 

fixed in Davidson’s solution. The remaining mussels were 

removed from the crab pot float and placed into a 3 mm 

mesh pearl net and suspended from a floating dock in the 

Skidaway River. Each month, 50 mussels were randomly 

selected, measured for shell length, and a gonadal sample 

was obtained. After 2 day storage in Davidson’s solution 

under refrigeration, gonadal samples were washed in 50% 

ETOH and preserved in 70% ETOH. All gonadal tissues 

were processed according to standard histological proce- 

dures for molluscan tissue (Howard & Smith, 1983). Pre- 

pared gonadal slides were examined with a Zeiss Stan- 

dard 20 microscope (20), sexed, and assigned to a de- 

velopmental stage as described by Walker & Heffernan 

(1994) and Spruck et al. (1994). Scores from 0 to 5 were 

employed for Early Active (EA = 3), Late Active (LA = 

4), Ripe (R = 5), Partially Spawned (PS = 2), Spent (SP 

= 1), and Inactive (IA = 0) stages. Monthly gonadal in- 

dex (G.I.) values were determined for each sex by aver- 

aging the number of specimens ascribed to each category 

score. Sex ratios were tested against a 1:1 ratio with chi- 

square statistics (Elliott, 1977). 

Mussels from a second crab pot float were sorted into 

two size classes (i.e., 10 to 20 mm and 20 to 30 mm in 

shell length) in November 1999. One hundred mussels of 

each size group were placed into 3 mm mesh pearl nets 

and suspended from a floating dock on the Skidaway Riv- 

er. Each month all live mussels were measured for shell 

length, and mortality was recorded. The pearl nets were 

cleaned of fouling organisms; the mussels were subse- 

quently returned to the nets and re-suspended in the Skid- 

away River. 

Voucher specimens from this study are currently 

housed in the shellfish collection at the Shellfish Research 

Laboratory on Skidaway Island, which will be turned 

over to the University of Georgia Museum of Natural 

History in Athens, Georgia in the near future. 
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Figure 1. The mean monthly shell length + SE of Amygdalum 

papyrium from two size classes (10—20 mm, 20-30 mm) grown 

in pearl nets suspended from a dock in the Skidaway River from 

November 1999 (n = 100 for each size group) to February 2000 

(10-20 mm: n = 89; 20-30 mm: n = 94). 

RESULTS 

Low growth rates were observed for mussels between 

November 1999 and February 2000, prior to the total 

mortality of the cohort in March (Figure 1). Mussels used 

for the histological analysis of gametogenesis averaged 

17.34 + 0.53 (SE) mm in October and reached 22.00 + 

0.57 mm by February. In November, mussels from a sec- 

ond crab pot float were separated into two size classes 

(10—20 mm: 16.1 + 0.3 mm; and 20—30 mm: 23.3 + 0.2 

mm). By December, the 10—20 mm size class reached 

18.4 + 0.3 mm, and the 20-30 mm size class reached 

25.6 + 0.2 mm. Growth was subsequently observed to 

cease for both groups (10-20 mm: 18.7 + 0.3 mm by 

February; 20-30 mm: 25.8 + 0.2 mm by February). 

While low mortality rates were recorded from October to 

February (11% and 6% for the 10-20 mm and 20-30 

mm size classes, respectively) all mussels were dead by 

March. 

Monthly averages of surface temperature and salinity 

readings were taken for the Skidaway River and are pre- 

sented in Figure 2. Mean monthly water temperatures 

fluctuated from a high of 25.8°C in September 1999 to a 

low of 11.4°C in February, and then increased to 18.3°C 

in March 2000. The mean monthly salinity values re- 

mained high during the course of the study ranging from 

26.3 ppt in October 1999 to 30.1 ppt in January 2000. 

The paper mussel is dioecious. Of the 157 mussels that 

could be sexed, 128 were females and 29 were males. 

Females dominated in each monthly sample. The sex ratio 

(4.41 females to 1.00 male) was significantly different 

from parity (chi-square = 62.42). No hermaphrodites 

were observed. 

Mussels were sexually mature prior to their arrival at 

the Shellfish Research and Aquaculture Laboratory in Oc- 

tober 1999. Spawning mussels dominated in each month 
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values + SE for the Skidaway River between September 1999 

and March 2000. 

except February where 83% of individuals were spent 

(Figure 3). Ripe individuals were found in October 

(24.5%) but decreased in November (0%), December 

(4.2%), and January (14.3%). 

DISCUSSION 

Amygdalum papyrium appears to be an opportunistic and 

semelparous species. This study represents its first re- 

ported occurrence as a fouling organism on crab pot 

floats, dock floats, and dock pilings. Nest-building was 

not observed, the mussels were attached by the more nor- 

mal style of mytilid byssus attachment. Mussels recruited 

in large numbers in the Satilla River in the summer 

months of 1999 grew rapidly, and were sexually mature 

by October. Prior to the initiation of the present study in 

October, most mussels were spawning, and indeed spawn- 

ing individuals continued to dominate the reproductive 

stages until February 2000, when most mussels appeared 

spent. In Georgia, the mussel was observed to grow rap- 

idly, had a prolonged spawning period, and then died. 

Mortality of the population occurred in March after the 

period of the lowest water temperature. 

In October 1999 when mussels were first collected, 

they ranged in size from 4.4 mm to 28.9 mm. Mussels 

from the bottom of the crab pot float were larger than the 

mussels from the sides near the surface interface. The size 

difference may have resulted from more feeding oppor- 

tunities on the underside of the float. The largest mussel 

recorded in the present study was 39.5 mm. Previously, 

Allen (1955) reported a maximum size for the Chesa- 

peake Bay of 18.9 mm, however, he described the max- 

imum A. papyrium size from the United States National 

Museum collection as 31.3 mm in shell length. It appears 

that mussels in March 2000 (25.8 mm + 0.2) were at or 

approaching their maximum size when mass mortality of 

the cohort occurred. 

Like most marine bivalve species, A. papyrium is 
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Figure 3. The relative frequency (percentage) of each gonadal developmental phase (LA = late active, R = ripe, PS = partially 

spawned, SP = spent) for Amygdalum papyrium from October 1999 to February 2000. Monthly gonadal index (G.I.) values were 

determined by averaging the number of specimens assigned to each category score (LA 

dioecious. In the present study, females dominated the 

population (4.41 females: 1.00 male). Oliver (2001) 

stated that sexes are separate in Amygdalum anoxicol- 

um (Oliver, 2001) from the Arabian Sea, but gave no 

sexual ratio. 

The massive occurrence of the mussel within tradition- 

ally brackish areas of the Satilla River led to concerns by 

coastal residents of degrading water quality in the river. 

It is our belief that the Atlantic papermussel is an oppor- 

tunistic species that expanded its distribution into these 

areas as a result of the prolonged local drought condi- 

tions. The summer of 1999 was the second year of 

drought in the state and, as a result, full oceanic saline 

conditions (35 ppt) were recorded in areas of the Satilla 

River that are normally brackish to freshwater (unpub- 

lished data of the Marine Extension Service Satilla River 

Water Quality Monitoring Program). Castagna & Chanley 

(1973) reported a salinity tolerance range from <10 ppt 

to 45 ppt for A. papyrium in Virginia. 

The senior author also collected small numbers of A. 

papyrium in August 1992 from the Satilla Clam Farm 

nursery plots located in Jointer Creek (adjacent to the 

mouth of the Satilla River) and in November 1986 from 

grow-out cages in the Crooked River located just south 

of St. Andrews Sound. The mussel has also been col- 

4,R = 5, PS = 2, SP = 1). 

lected from Skidaway Island from bay scallop, Argopec- 

ten irradians concentricus (Say, 1822), nets in June 1986. 

Amygdalum papyrium, a native yet uncommon species in 

Georgia, grows rapidly, matures sexually at an early size 

and age, has a higher proportion of females, a prolonged 

spawning period, and thus can function as an opportunis- 

tic species. The occurrence of the paper mussel within 

normally brackish areas of the Satilla River was probably 

a result of the drought conditions and the opportunistic 

nature of the species. 
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Abstract. Many drilled specimens of Calyptogena pacifica and Conchocele bisecta were obtained from the upper 

Miocene Morai Formation in western Hokkaido. Thirty-three specimens of C. pacifica (19.8%) and four specimens of 

C. bisecta (9.3%) were drilled. This is the first report of drilling of cold seep bivalves by either fossil or Recent predatory 

gastropods. The shape of the holes suggests they appear to have been drilled by the co-occurring naticids Euspira and 

Cryptonatica. Only two holes might have been drilled by muricids. Almost all holes were completed other than two 

incomplete holes. Thus, effectiveness of armor (number of incomplete holes/total number of holes) is very low (0.06). 

INTRODUCTION 

Chemosynthetic bivalve species of vents and seeps are 

eaten by bythograeid crabs, galatheid lobsters, alvinocarid 

shrimps, and zoarcid and bythilid fish (Van Dover, 2000). 

However, no gastropods feeding on these vent and seep 

species have been recognized. Naticids and muricids are 

predatory gastropods that drill their prey (Carriker, 1981; 

Kabat, 1990). Muricids feed mainly on ostreids, mytilids, 

barnacles, and carrion of fishes (Radwin & D?’ Attilio, 

1976). Infaunal bivalves such as venerids, tellinids, and 

lucinids tend to be victims of naticids (Kabat, 1990). Ac- 

cording to Kabat (1990), solemyid bivalves are not 

preyed upon by naticids because they live in reducing 

sediments. Reducing environments such as vents and 

seeps may preclude predation by naticids and muricids. 

Based on the existence of Neomphalus, Vermeij (1986) 

suggested that vents and seeps have acted as evolutionary 

refuges. Certainly, until now, no gastropod drill holes 

have been recorded from either fossil or Recent species 

in vent or seep communities. 

Many drilled specimens of fossil Calyptogena and 

Conchocele were collected from the seep community of 

the upper Miocene Morai Formation in western Hokkai- 

do, Japan. Here I describe these holes and discuss their 

ecological significance. All specimens from the Morai 

Formation are stored at the Joetsu University of Educa- 

tion (JUE). 

OCCURRENCE AND 
PALEOBATHY METRIC DEPTH 

Fossil specimens of Calyptogena pacifica Dall, 1891, 

were described by Otatume (1942) from the upper Mio- 

cene Morai Formation in a coastal cliff section at Morai, 

western part of central Hokkaido (Figure |). The Morai 

Formation consists of hard shale with many calcareous 

concretions. A shell lens (10 m wide and 30 cm thick) is 

intercalated in the hard shale (Figure 2). In this bed, Ca- 

lyptogena pacifica Dall (167 specimens) and Conchocele 

bisecta (Conrad, 1849) (43 specimens) numerically dom- 

inate the fossil community, in association with Solemya 

(Acharax) tokunagai Yokoyama, 1925 (15 specimens), 

taxodonts, naticids, and buccinids (Table 1). All these bi- 

valve specimens are articulated other than 16 disarticu- 

lated specimens of C. pacifica. This species composition 

is rather similar to that of modern cold seep communities 

from Monterey Bay (Barry et al., 1996). 

The depth ranges of the extant species overlap in the 

160-200 m range (Table 1), apart from C. pacifica which 

today lives at 500—2000 m (Higo et al., 1999; Coan et 

al., 2000). Moreover, judging from the species diversity 

of this locality (R = (S — 1)/log N; R, species diversity 

index; S, total number of species; N, total number of in- 

dividuals) and the ratio (PR/BS) of protobranchs to the 

total number of bivalve species, the structure of the Morai 

fauna (R = 5.47, PR/BS = 0.57) corresponds to that of 

modern communities living at 120—250 m depth (Amano 

et al., 1987; Amano & Nonaka, 2001). Therefore, the cold 

seep community at Morai may have lived on the lower 

shelf. Recently, Majima et al. (2000) described Holocene 

seep communities comparable to that in the Morai For- 

mation from the lower shelf of Wakkanai, Hokkaido. 

Among the mollusks from the Morai Formation, only 

C. pacifica and C. bisecta have gastropod drill holes. The 

morphology and sites of these holes are examined. 

DETAILS or DRILLED HOLES 

Morphology and Site of Drilled Holes on 

Calyptogena pacifica 

Among 167 specimens of Calyptogena pacifica (Fig- 

ures 3—14), 33 specimens (19.8%) were drilled (Figures 

6-12). In this paper, 16 disarticulated specimens of C. 

pacifica were calculated as individuals because these 
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Figure 1. Fossil locality of Morai Formation (using the topographical map of “‘Ishikari,”’ scale 1:50,000, published by Geographical 

Survey Institute of Japan). 

specimens were not paired with each other, and some of 

the paired valves possibly broke during collection. The 

drilled specimens consist of 15 right valves and 18 left 

valves. There was no preference for right or left valves, 

judging from chi square test (P = 0.05). One right and 

one left valve each had an incomplete drill hole (Figure 

13). There were no multiply drilled valves among these 

specimens. Thus, 31 of 33 holes were complete. Effec- 

tiveness of armor (number of incomplete holes/total num- 

ber of holes; Vermeij et al., 1989) is very low (0.06). The 

outer diameter of 32 holes ranged from 1.6—4.6 mm in 

size. The holes are parabolic in form (inner diameter/out- 

er diameter = 0.35—0.79; Table 2). One hole is cylindrical 

and small with an outer diameter of 1.3 mm (Figure 14). 

Except for one borehole near the posterior extremity of 

the right valve, most successful holes are concentrated in 

the upper half of the posterior part; two unsuccessful 

holes are situated more ventrally where the shell is thick 

(Figure 21). 

Morphology and Site of Drilled Holes on 

Conchocele bisecta 

Among 43 specimens, only two right and two left 

valves were drilled (Figures 15-17). All holes were com- 

plete. Two holes are present on one right and one left 

valve, so a total of six holes was examined. The range of 

outer diameters of five holes is 1.7—4.2 mm in size, with 

parabolic form (inner diameter/outer diameter = 0.56— 

0.64; Table 3). In contrast with these holes, one drill hole 

is small (1.3 mm outer diameter), having a cylindrical 

form. Three boreholes are located at the concave part near 

the beak behind the flexure where the shell may be thin- 

nest. The other three holes are located at the central and 

anterior parts. 

DISCUSSION 

Generally speaking, parabolic holes are made mainly by 

naticids, whereas cylindrical holes are believed to be 

made by muricids (Carriker & Yochelson, 1968). How- 

ever, according to Kelley & Hansen (in press), naticid- 

like holes are made by Nassariidae, Marginellidae, and 

the nudibranch Okadaia elegans. On the other hand, mur- 

icid-like holes are drilled by octopods, buccinid Comi- 

nella, and Capulidae. Moreover, as pointed out by Gor- 

dillo (1994, 1998), the trophonine Trophon geversianus 

Pallas drills parabolic boreholes. However, from the Mo- 

rai Formation, two small naticids were collected, Euspira 

pallida (Broderip & Sowerby, 1829) and Cryptonatica sp. 

(Figures 18, 19). Many parabolic boreholes found on Ca- 

lyptogena and Conchocele from the Morai Formation 

were possibly drilled by these naticid species. The two 

cylindrical holes might have been drilled by muricids. No 

muricids have been found in the Morai fauna, so it is 

difficult to identify the possible cylindrical drill hole 

maker. 

Calyptogena pacifica had a high frequency of drilling 



Figure 2. Occurrence of fossils. A. Shell lens (s); white arrow 

shows the part enlarged in B. B. Enlarged shell lens (s). 

(19.8%). The living C. pacifica is a semi-infaunal species 

(Barry et al., 1996) which is susceptible to attack by pred- 

atory gastropods. Indeed, the holes of C. pacifica were 

concentrated at the upper half of shell posteriors which 

might be exposed above the substrata. A deep infaunal 

species C. bisecta was also drilled, whereas an another 

deep burrower, Solemya tokunagai was never drilled (Fig- 

ure 20). S. tokunagai in addition may be protected by a 
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Table | 

Molluscan fossils from the Morai Formation at Morai. 

Species n* Depth (m)** 

Solemya (Archarax) tokunagai Yokoyama, 

1925 15 100-1510 
Acila (Acila) vigilia Schenk, 1936 1 160-500 

A. (Truncacila) insignis (Gould, 1861) 1 0-200 

Portlandia sp. 1 

Conchocele bisecta (Conrad, 1849) 43 4-1400 

Macoma sp. 1 

Calyptogena pacifica Dall, 1891 167 500-2000 

Fissidentalium cf. horikoshii Okutani, 1982 1 

Euspira pallida (Broderip & Soweby, 

1829) 50-2433 

Cryptonatica sp. 

Clinopegma aff. borealis Tiba, 1969 

C.? sp. 

Neptunea sp. 

Buccinum sp. SBPeNRPP Re 

* Number of individuals. 

** After Higo et al. (1999), Coan et al. (2000). 

thick periostracum like that of mytiloids (Wright & Fran- 

cis, 1984; Harper & Skelton, 1993). 

Drilling rates of naticids summarized by Reyment 

(1999) are very slow (0.01—0.025 mm/hr). At this rate, it 

would take a naticid about 40-100 hr to penetrate the 

valves (approx. 1 mm) of Calyptogena and Conchocele. 

Such a slow method of predation is acceptable at high 

latitude and in cold seeps because the drilling predators 

may themselves have few enemies in such environments 

(Aitken & Risk, 1988; Vermeij et al., 1989). The rarity 

of naticids and muricids in modern seeps may be due to 

high sulfide concentrations in the porewater. However, C. 

pacifica is known to thrive at relatively low sulfide con- 

centrations (Barry et al., 1997). This fact and the shallow 

depth of the Morai seep communities may explain the 

presence of naticids and possibly muricids able to drill 

Calyptogena and Conchocele shells. 

Vermeij et al. (1989) noted an equatorward decrease of 

incomplete drilled holes in recent mollusk shells. For ex- 

ample, the effectiveness is 0.06—0.61 in the cold-temperate 

Figures 3-20. Bored specimens and associated species from the Morai Formation at Morai. Figures 3, 4. Dentition 

of Calyptogena pacifica Dall (SUE no. 15730-1, 2), *1.5. Figure 5. Pallial sinus of C. pacifica (JUE no. 15730-3), 

x1. Figures 6-12. Successful holes on C. pacifica by naticids (JUE no. 15731): Figures 6, 8, 9, * 1.25: Figures 7, 

12, 1.3: Figures 10, 11, 1.2. Figure 13. Unsuccessful hole on C. pacifica by naticids (JUE no. 15731), <1. 

Figure 14. Successful hole on C. pacifica by muricids (JUE no. 15731), 1.2. Figures 15-17. Bored holes on 

Conchocele bisecta (Conrad) (JUE no. 15732): Figure 15a. Enlarged bored holes (<1.8) in Figure 15b (0.8), 

showing two failure tracks by naticids’ attacks can be observed above the successful hole: Figure 16a. Dorsal view 

(<1) showing the bored hole by muricid: Figure 16b. Double holes by naticid (left side) and muricid (right side) 

(<1): Figure 17. Hole by naticid on the younger specimen (1.25). Figure 18. Cryptonatica sp., JUE no. 15733, 

«1.2. Figure 19. Euspira pallida (Broderip and Sowerby), JUE no. 15734, 1.2. Figure 20. Solemya (Acharax) 

tokunagai Yokoyama, JUE no. 15735, x1. 
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Number of specimens 
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Table 2 

Measurements of the holes on Calyptogena pacifica. 

Right valve 

JU 

JU 

JU 

JU 

JU 

JU 

JU 

JU 

JU 

JU 

JU 

JU 

JU 

E no. 

E no. 

E no. 

E no. 

E no. 

E no. 

E no. 

E no. 

E no. 

E no. 

E no. 

E no. 

E no. 

JUE no. 

JU 

Left 

JU 

JU 

E no. 

valve 

E no. 

E no. 

JUE no. 

JU 

JU 

E no. 

E no. 

JUE no. 

JUE no. 

JUE no. 

JUE no. 

JUE no. 

JU 

JU 

JU 

JU 

JU 

JU 

JU 

JU 

E no. 

E no. 

E no. 

E no. 

E no. 

E no. 

E no. 

E no. 

L (mm)* OD (mm)** ID (mm)*** ID/OD 

15731-R1 36.1 3.0 1.9 0.63 

15731-R2 By) 2.0 0.57 

15731-R3 29.4+ 2.0 0.7 0.35 

15731-R4 26.2 2.8 

15731-R5 2.9 

15731-R6 2.4 

15731-R7 1.3 

15731-R8 43.2 2.9 DB 0.79 

15731-R9 33.2 3.4 Dal 0.62 

15731-R10 35.3 DNS 1.9 0.76 

15731-R11 4.6 

15731-R12 29.2 Poel 1.4 0.52 

15731-R13 28.8 3.6 2.4 0.67 

15731-R14 3.3 Ley 0.52 

15731-R15 1.3 iba 0.92 

15731-L1 38.3 4.0 DD, 0.55 

15731-L2 38.7 2.8 1.6 0.57 

15731-L3 35.8 3.7 2.6 0.70 

15731-L4 32.4+ 3.4 USI 0.50 

15731-L5 31.1 By 2.0 0.54 

15731-L6 D241 DS) 1.4 0.40 

15731-L7 28.9+ 3.1 1.6 0.52 

15731-L8 34.3+ Dra 

15731-L9 1.6 

15731-L10 2.3 

15731-L11 2.5 

15731-L12 37at 2.8 1.0 0.36 

15731-L13 34.2+ 2.5 2) 0.48 

15731-L14 29.1+ 3.0 1.4 0.47 

15731-L15 28.5 2.6 1.6 0.62 

15731-L16 DD 1.4 0.64 

15731-L17 1.7 

15731-L18 31.5 3.2 1.5 0.47 

* Shell Length. 

Outer Diameter. 

*** Inner Diameter. 

water of Hokkaido while it is difficult to find any incomplete 

drillholes in the tropical area. Hansen & Kelley (1995) also 

found the same equatorward decrease in the Eocene mol- 

luscan fauna from the Atlantic coast of North America. 

When they examined the drillholes by the predatory gastro- 

pods from the upper Cretaceous to the lower Oliogocene 

shallow deposits within the Atlantic and Gulf Coastal Plain, 

Kelly & Hansen (1993) showed 0.06 to 1.0 as the effec- 

tiveness of armor. They also documented an increase in ef- 

fectiveness of armor through time, which they considered 

< 

Figure 21. Drilled sites of Calyptogena pacifica. Black circles 

are successful holes and white circles are unsuccessful holes. 
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Table 3 

Measurements of the holes on Conchocele bisecta. 

Number of specimens L (mm)* 

Right valve 

JUE no. 15732-R1 57.1 

JUE no. 15732-R2 18.6 

Left valve 

JUE no. 15732-L1 47.8 

JUE no. 15732-L1 47.8 

JUE no. 15732-L2 41.0+ 

JUE no. 15732-L2 41.0+ 

OD (mm)** ID (mm)*** ID/OD 

4.2 Dei, 0.64 

Deal 1.7 0.63 

3.1 1.8 0.58 

1.6 

BD 1.8 0.56 

13, 1.2 0.92 

* Shell Length. 
** Outer Diameter. 

*** Inner Diameter. 

to be the result of escalation (Vermeij, 1987). However, Kel- 

ley et al. (2001) recognized a low rate of incompleteness of 

holes in the Neogene fauna. Compared to other species, 

Calyptogena pacifica from the Morai Formation has low 

effectiveness (0.06). 
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NOTES, INFORMATION & NEWS 

Double Eggs of Pharaoh Cuttlefish, Sepia pharaonis 

Ehrenberg, 1831 

Jaruwat Nabhitabhata 

Rayong Coastal Aquaculture Station, Ta-pong, 

Changwat Rayong 21000, Thailand 

The normal egg capsule of sepiid cuttlefish contains one 

embryo. in contrast to capsules with many embryos. as 

those of the loliginid squid. The sepiid egg capsules are 

attached in clusters to the substratum by the female. A 

single capsule is globular with a tip and a stalk. The egg 

stalks are attached to rod and ribbon-shaped or flat sub- 

strata. The color of the egg capsule varies among species. 

It is black in Sepia officinalis Linnaeus, 1758 (Boletzky, 

1983) and Sepiella inermis Ferrussac & d’Orbigny, 1848 

(Nabhitabhata et al., 1984); and white in the pharaoh cut- 

tlefish, Sepia pharaonis Ehrenberg, 1831 (Nabhitabhata, 

1978). The egg capsule of the pharaoh cuttlefish grows 

larger and more transparent and fragile by absorbing sea- 

water in concert with the embryonic development reach- 

ing its largest size near the time of hatching (Figure 1). 

The embryonic period is 9—25 days, average 14.3 + 3.0 

days at about 28°C. The hatchling is benthic, with an 

average 7.7 mm mantle length and 0.18 g fresh wet 

weight (Nabhitabhata & Nilaphat, 1999). 

A total of 26 double egg capsules with two embryos 

in one egg capsule was observed in only one among 

several egg clusters collected from the wild in February 

Figure 1. Normal egg capsules of the pharaoh cuttlefish at pre- 

hatching stages. 

Figure 2. The double egg capsules; the upper three capsules 

with normal development and the lower two with abnormal de- 

velopment. 

1997. They were the bycatch of squid traps operating 

nearshore in the eastern part of the Gulf of Thailand, 

South China Sea. The shape and size of the double egg 

capsules are not different from the normal ones. The 

chorion of each embryo forms a thin layer inside the 

egg capsule, transversely dividing the capsule into two 

separated chambers. One embryo occupied one cham- 

ber, indicating that the two embryos had originated 

from different eggs, hence they are not true twins (Fig- 

ure 2). The two embryos developed independently al- 

though following similar embryonic stages. Abnormal 

development was observed in either one (four cap- 

sules) or both of the embryos (two capsules) (lower 

right in Figure 2). The incubation period of the eggs 

and the size of hatchlings were similar to the normal 

ones. The cause of spawning the twins was unknown 

because the spawner was not collected. The accelera- 

tion of egg release relative to capsule formation might 

be the consequence of the rising temperature of the 

water body due to the El] Nino and La Nina during the 

observed period. Although it was the winter in Thai- 

land during that period, the temperature did not fall as 

usual. The seawater temperature was about 29°C, 

whereas the normal temperature is usually around 
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26°C. The effect of temperature on the size of the 

hatchlings may have been different from that reported 

in Loligo pealei by McMahon & Summers (1971). 
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Comments on the Natural History of the Ashmunella 

(Gastropoda: Pulmonata: Polygyridae) of White 

Sands Missile Range (New Mexico, USA) and Fort 

Bliss (New Mexico and Texas, USA) 

A. J. Kroll 

School of Forestry, Wildlife Biology Program, 

University of Montana, Missoula, Montana 59812, USA 

Land snails of the genus Ashmunella Pilsbry & Cockerell, 

1899, located on White Sands Missile Range (WSMR; 

New Mexico, USA) and Fort Bliss (New Mexico and 

Texas, USA) represent relict taxa that display a marked 

pattern of endemism and exist in fragmented subpopula- 

tions. As a result of military security (both installations 

are closed bases with restricted entry), the malacofauna 

of WSMR and Fort Bliss have been little studied (Metcalf 

& Smartt, 1977; Metcalf & Smartt, 1997; Kroll et al., in 

press), and mostly with regard to distribution and system- 

atics. However, a 2 year field study and a comprehensive 

risk assessment analysis of Ashmunella populations have 

been completed (Boykin et al., 2001; Kroll et al., in 

press), allowing for a better understanding of the ecology 

and distribution of these threatened taxa. Four of the re- 

sulting findings are presented here.! 

' Voucher specimens of all taxa discussed here were deposited 

with Dr. Art L. Metcalf, University of Texas—El Paso. 
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Ashmunella harrisi Metcalf & Smartt, 1977, is known 

to occur in only two unnamed canyons that drain the east 

face of Goat Mountain, San Andres Mountains, WSMR. 

Shells of this species have been found at only six local- 

ities, and live specimens are known only from Metcalf & 

Smartt (1977). On 27 July 1999, I found one live A. har- 

risi at an isolated site (the type locality; Metcalf & 

Smartt, 1977) in the southern canyon, and on 26 Septem- 

ber 1999, I found six live A. harrisi at an isolated site in 

the northern canyon. Despite extensive searching on re- 

peated occasions, I found no live A. harrisi at the other 

four localities, nor did I find evidence that other popu- 

lations existed in nearby locales. This section of WSMR 

is within a live-fire range, and target debris is found in 

habitats occupied by this species. Ashmunella harrisi is 

the most restricted in distribution of the taxa under con- 

sideration, and the species appears to be extremely rare. 

Careful consideration of military activities and close 

monitoring of subpopulations (specific recommendations 

are made by Boykin et al., 2001) may be required to 

prevent extinction of this species. 

Vagvolgyi (1974) placed the type locality for Ashmu- 

nella auriculata Vagvolgyi, 1974, in Boulder Canyon, 

Organ Mountains, Fort Bliss. Metcalf & Smartt (1997) 

thought this locality was in error because they had found 

A. auriculata only in the northern Organ Mountain and 

the only species that had been found on their visits to 

Boulder Canyon was Ashmunella organensis Pilsbry, 

1936. However, on 18 September 2000, I located A. au- 

riculata shells at three different localities in the upper 

reaches of Beasley Canyon, which lies due north of Boul- 

der Canyon over a low ridge. In addition, live specimens 

were located at one of these localities. However, no spec- 

imens, live or dead, were located in Boulder Canyon 

proper. Thus, Vagvolgyi’s type locality seems only to be 

imprecise, and not inaccurate. 

Given this finding, the known distributions of A. au- 

riculata and A. organensis are of particular interest. Al- 

though subpopulations of each species can be found with- 

in a mile of one another in both Fillmore and Soledad 

Canyons, Organ Mountains, no areas of sympatry have 

been documented. Hybridization events have been re- 

ported for other Ashmunella of WSMR and Fort Bliss 

(Sullivan & Smartt, 1995; Metcalf & Smartt, 1997) and 

given the wide range of habitats occupied by A. orga- 

nensis (Kroll et al., in press), the lack of sympatry be- 

tween these two species is curious. However, surveys in 

the Organ Mountains have not been exhaustive (e.g., de- 

spite visits by malacologists to the Organ Mountains for 

well over 75 years, a new species was located and de- 

scribed as late as 1997; Score & Metcalf, unpublished 

manuscript) and hybrid populations may be discovered 

by future workers. 

On 25 August and 27 August 1999, I observed firefly 

larvae (Coleoptera: Lampyridae) feeding on Ashmunella 

kochii kochii Clapp, 1908. The conditions were overcast 
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and rainy, and on both occasions ~300 living A. kochii 

were observed on the surface of the talus slope. Nine 

instances of predation were witnessed, and in each case 

the larva appeared to have consumed the entire soft anat- 

omy of the snails. In addition, both adult and juvenile A. 

kochii were attacked by the lampyrid larvae. 

The Lampyridae are well known predators of land 

snails (Balduf, 1935; Borror & DeLong, 1954; Schwalb, 

1960) but predation on Ashmunella has not been reported 

in the field. Lampyrid larva and Ashmunella most likely 

share similar habitats (talus accumulations and leaf litter; 

Stehr, 1991), but predation may occur only when Ash- 

munella emerge from the deeper recesses of talus accu- 

mulations, as in the monsoon season (July to September) 

in southern New Mexico and western Texas. I often found 

dead larvae close to the surface of talus piles, while Ash- 

munella shells frequently require some digging to locate. 

Finally, I witnessed two instances of predation of Ash- 

munella by birds. On 11 October 1999, I watched an adult 

female roadrunner (Geococcyx californianus) foraging on 

adult A. organensis on a talus slope in Soledad Canyon, 

Organ Mountains. The bird moved about the talus slope 

and appeared to smash seven individual snails with two 

quick raps from its beak. After the bird moved off, I was 

able to find a few remaining pieces of shell, but no soft 

tissue. 

The second incident of predation by birds was more 

extensive. On 31 July 2000, while surveying for Ash- 

munella salinasensis Vagvolgyi, 1974, on Salinas Peak, 

San Andres Mountains, WSMR, I began to encounter 

freshly smashed adult and juvenile snails. Several rock 

wrens (Salpinctes obsoletus) were foraging on the slopes, 

and upon closer observation, it became clear that they 

were smashing and at least partially consuming the snails. 

As with the roadrunner, the rock wrens broke the shells 

with repeated strikes of their beaks. The attacked snails 

that I located had most of their soft tissue remaining, in 

contrast to those that were wholly consumed by the road- 

runner. 
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Observations of Predation on the Tropical 

Nudibranch Okenia sp. by the Sea Spider 

Anoplodactylus longiceps Williams 

(Arthropoda: Pycnogonida) 

Claudia P. Arango!’ and Gilianne D. Brodie? 

'Department of Zoology and Tropical Ecology, 

*School of Marine Biology and Aquaculture; 

James Cook University, Townsville, 

Queensland, Australia, 4811 

We know very little about what preys on sea slugs 

(Piel, 1991), and especially on tropical species. Pre- 

dation of opisthobranchs by pycnogonids has been doc- 

umented several times from warm temperate habitats 

(Piel, 1991; Rogers et al., 2000). The following labo- 

ratory observations of the chelate pycnogonid Anoplo- 

dactylus longiceps Williams, 1941, feeding on the nu- 

dibranch Okenia sp. were recently obtained from sam- 

ples of an intertidal microhabitat in tropical north 

Queensland, Australia. 

In August 1999 fresh samples of the green alga Cla- 

dophora prolifera (Roth), were collected from the inter- 

tidal (low tide 0.4 m) sandy-muddy beach at Rowes Bay, 

Townsville, Australia (19°14’S, 146°47’E). Immediately 

after the field collection, tufts of C. prolifera were ex- 

amined for sea spiders. Several species of sea spiders 
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Figure 1. A living specimen of the undescribed Okenia sp. (15 

mm length) from an intertidal habitat in north Queensland, Aus- 

tralia. Photograph: Jon Brodie. 

together with amphipods, caprellids, bryozoans, and hy- 

droids were found to be abundant in the algae. A small 

(~7 mm) phanerobranch dorid nudibranch, Okenia sp. 

(Figure 1) was also present in the samples. While sorting 

fauna under a dissecting microscope, we observed a 

slender sea spider, Anoplodactylus longiceps, feeding on 

the ceras of Okenia sp. An adult female of A. longiceps 

grabbed one of the nudibranch’s cerata using its chelae 

(pincers). It then inserted its proboscis into the distal 

part near the tip, while using the claws of its front legs 

to hold onto the nudibranch’s body (Figure 2). The sea 

spider remained in the same position for about 5 min- 

utes, undergoing muscular movements of the proboscis 

and sucking out the contents of the ceras. During this 

process, the ceras was not autotomized from the body 

of the nudibranch. At one stage, a caprellid crustacean 

crawling onto the sea spider’s dorsum interrupted this 

feeding activity. However, 2 minutes later, the sea spider 

approached the nudibranch again, and used its front legs 

to bring the ceras closer to the chelae. Once the chelae 

had pierced the ceras, the proboscis was immediately 

inserted and feeding continued as before. Due to the 

clear cuticle of the sea spider, it was possible to see the 

internal movement of fluids being sucked up, swal- 

lowed, and distributed to the diverticula along the pyc- 

nogonid trunk and legs. Feeding activity then continued 

for approximately 5 minutes on the same ceras. Once 

the prey was released, the pycnogonid used the chelae 

and claws of its anterior legs to clean tissue remains 

away from the oral surface at the tip of the proboscis. 

In the meantime another sea spider, of the same species, 

became attached to another ceras on the posterior side 

of the same nudibranch and started feeding with very 

The Veliger, Vol. 46, No. 1 

Figure 2. The sea spider Anoplodactylus longiceps feeding on 

a ceras of Okenia sp. ch = chelae of A. longiceps used to hold 

the ceras close to the oral surface; cl = claw on the propodus of 

the first leg of the sea spider grasping the nudibranch; nc = 

nudibranch ceras; p = proboscis of A. longiceps. 

similar behavior. One hour later, the tank containing 

these samples was re-checked, and the sea spiders were 

still repeating the same behavior, piercing the tip of each 

of the nudibranch’s many cerata. After feeding on each 

ceras they groomed the tip of the proboscis, removing 

any small solid pieces of nudibranch tissue from its oral 

surface. Each session of feeding by a single sea spider 

lasted between 5 and 10 minutes. The nudibranch moved 

very slowly during the pycnogonid feeding activity, and 

in the subsequent observations, the pierced nudibranch 

cerata had lost their normal dark purplish/brown color 

and brightness on the cerata apices. Three days later, the 

nudibranch was found noticeably denuded and all the 

cerata mutilated; after a few hours of no movement the 

nudibranch died. 

The nudibranch observed in this study is an unde- 

scribed species of Okenia that is previously documented 

from the Philippines (Gosliner, et al., 1996; Coleman, 

2001) and now recorded for the first time in northern 

Australia. The pycnogonid A. longiceps is widely distrib- 

uted in the Indo-West Pacific and appears to be restricted 

to shallow-water habitats. Voucher specimens of both 

species have been lodged at the Museum of Tropical 

Queensland in Townsville, Australia. 

Piel (1991) previously reported the observation of a sea 

spider sucking out nudibranch ceratal contents. However, 

in that case the nudibranch was capable of ceratal autot- 

omy and thus the cerata were sacrificed and the nudi- 

branch was able to move away from the predator. In our 

observations of Okenia, the sea spider may have been 

able to suck out more than just the fluids present in the 

ceras. This type of removal of internal fluids and tissue, 

by sucking at one point of entry, has also been observed 

between different species of tropical nudibranchs, 1.e., 

Gymnodoris sp. preying on Dendrodoris nigra (Brodie et 

al., 1995). This is undoubtedly an effective strategy for 
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avoiding the defensive mantle structures (Avila & Dufort, 

1992; Wagele, 1998) often found in the notum of many 

dorids. The presence and location of mantle glands in this 

species of Okenia remain to be investigated and may pro- 

vide insight into the pycnogonids’ feeding strategies. Like 

the Anoplodactylus evansi of Rogers et al. (2000), A. lon- 

giceps used its front four legs (with claws) to grasp and 

hold the prey. However, unlike A. evansi, A. longiceps 

showed no sign of using chelifores (chelicerae) to tear 

pieces of flesh from the prey and pass them to the pro- 

boscis. We also observed no attempts by A. longiceps to 

consume the body section of Okenia. 

The predation of nudibranchs by pycnogonids is ob- 

viously not an unusual occurrence. Our detailed obser- 

vations are reported here in acknowledgment that, not 

only are reports on natural nudibranch predators rare, but 

also data on predation activities of pycnogonids from the 

tropics (but see Arango, 2001). 

Acknowledgments. Thanks to J. Collins for his continuous sup- 

port. To the editor and anonymous reviewers for their help im- 

proving the final version of the manuscript. This note is contri- 

bution number 17 of the Marine Invertebrate Group at James 

Cook University. 
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International Commission on 

Zoological Nomenclature 

The following Application concerning mollusks was pub- 

lished on 28 June 2002 in Volume 59, Part 2 of the Bul- 

letin of Zoological Nomenclature. Comment or advice on 

any of these applications is invited for publication in the 

Bulletin and should be sent to the Executive Secretary, 

I.C.Z.N., % The Natural History Museum, Cromwell 

Road, London SW7 5BD, U.K. (e-mail: iczn@nhm.ac. 

uk). 

Case 3233. Achatina janii De Betta & Martinati, 1855 

(currently Cecilioides janii; Mollusca, Gastropoda): 

proposed conservation of the specific name. 

The Following Application concerning mollusks was 

published on 30 September 2002 in Volume 59, Part 3 of 

the Bulletin of Zoological Nomenclature. 

Case 3220. Ovula gisortiana Passy, 1859 (currently Gi- 

sortia gisortiana; Mollusca, Gastropoda): proposed 

precedence of the specific name over that of Cypraea 

coombii Sowerby in Dixon, 1850. 

The following Opinions concerning mollusks were pub- 

lished on 28 June 2002 in Volume 59, Part 2 of the Bul- 

letin of Zoological Nomenclature. Copies of Opinions can 

be obtained free of charge from the Executive Secretary, 

LC.Z.N., % The Natural History Museum, Cromwell 

Road, London SW7 5BD, U.K. (e-mail: iczn@nhm.ac. 

uk). 

Opinion 1996 (Case 3158). Helix lucorum Linnaeus, 1758 

and Helix punctata Miiller, 1774 (currently Otala punc- 

tata; Mollusca, Gastropoda): usage of the specific 

names conserved by the replacement of the syntypes 

of H. lucorum with a neotype. 

Opinion 1997 (Case 3175). Ampullaria canaliculata La- 

marck, 1822 (currently Pomacea canaliculata; Mollus- 

ca, Gastropoda): specific name conserved. 
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Panamic Province Molluscan Literature: 

Additions and Changes from 1971 through 2001. 

Ill. Gastropoda 

by CAROL SKOGLUND. The Festivus 33, Supplement: i—x1, 

1-286. Available from San Diego Shell Culb, 3883 Mt. 

Blackburn Ave., San Diego, CA 92111, USA. $US 35.00 

postpaid within United States; $50.00 (airmail) to desti- 

nations outside the United States. 

A summary of three decades of taxonomic and faunis- 

tic work on marine mollusks of the Panamic Province,! 

this document complements the author’s bivalve and po- 

lyplacophoran volume (Skoglund, 2001), previously re- 

viewed in these pages. Like its companion, it should be 

welcomed as a research tool by persons interested in trop- 

ical marine mollusks. It is also of interest for showing 

the fate of a taxonomic database over 30 years of active 

research. 

The content is presented mainly as systematic and geo- 

graphic variations from the benchmark work of Keen 

(1971). Critical consideration of the rationale or quality 

of the underlying publications seems largely outside its 

scope. Readers are alerted (page 2) that published distri- 

butional records may include identification errors. A pro- 

viso that only records documented by voucher specimens 

be included would have been reasonable, although per- 

haps that would have required a more activist stance than 

the compiler intended. Multiple updates on a taxon are 

given in chronological order. Where alternate updates 

conflict, both are listed for the reader’s own evaluation 

(although necessarily sometimes a choice is made—e.g., 

Sutilizonidae as a family, not a subfamily—for purposes 

of the list). 

To be included in the bibliography, a reference basi- 

cally has to have caused a change in the nomenclature or 

range estimate of one or more taxa, or have provided new 

information such as a holotype figure. Not all such works 

are included, however. The limits are laid out on page I: 

““Many of the later papers use cladistic analysis to arrive 

at an evolutionary phylogeny ... [rJesults of these papers 

are often tentative ... only if there are definite conclu- 

sions are these papers included.’ Hence, it is as if, for 

example, Ponder & Lindberg (1997) never happened. 

One can sympathize with a compiler who finds the mul- 

tiple-tree, parsimony-driven nature of phylogenetic anal- 

ysis too untidy for her purposes. But are the conclusions 

' And beyond: coverage has been expanded to include deep 

ocean taxa of the East Pacific Rise. Hence, biogeography no 

iger defines the coverage limits. 

of non-cladistic taxonomists necessarily any more “‘defi- 

nite’? To the extent that they are hypotheses about rela- 

tionships, they too are tentative and subject to review and 

reanalysis. Conversely, to the extent that they may be the 

pronouncements of an arbitrary process, they arguably do 

not belong to scientific literature at all. 

Some confusion is evident in the use of higher cate- 

gories. For instance, it is odd to find (page 2) Vetigastro- 

poda (consisting of Haliotoidea, Scissurelloidea, and Fis- 

surelloidea only) a “‘suborder”’ of “‘subclass’’ Patellogas- 

tropoda (which shows up again as an “order”? on page 

7). 

Taxon arrangement preserves that of Keen (1971) as 

much as possible, with the acknowledgment that some 

departures are unavoidable. Keen’s original taxon order 

(“‘a compromise among the principal systems in current 

use” [Keen, 1971:5]) purported to move from the prim- 

itive to the more developed—a scala naturae notion that 

now has few adherents. Keen’s taxon numbers (in effect, 

a parallel set of taxon names) still appear, but the many 

new taxa and species first found in the province since 

1971 have no ‘‘Keen numbers,” so their current function 

is mainly to trace historical change. 

Approximately 625 unnumbered taxa’ join the 2400- 

plus species and subspecies of Keen (1971)—a startling 

25% increase (even taking into account the expanded 

range of this list, and assuming that the new taxa are 

““sood”’ species). Between this work and the previous one 

(Skoglund, 2001), the summary of additions and correc- 

tions is coming to rival the original in bulk. I respectfully 

suggest that, with this level of new discovery continuing 

(and quite likely to be ramped up as molecular system- 

atics becomes more common), the next province-wide 

overview should not be a compendium of updates, but a 

whole new primary work. Any volunteers? I share the 

author’s wish, expressed to me in correspondence, that 

this catalogue will serve as a platform for such a future 

work and be helpful to workers on the Panamic Mollusca 

in the interim. 

B. Roth 
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Information for Contributors 

Manuscripts 

Manuscripts must be typed, one side only, on A4 or 
equivalent (e.g., 84%” 11”) white paper, and double-spaced 
throughout, including references, figure legends, footnotes, 

and tables. All margins should be at least 25 mm wide. 

Number the pages. Text should be ragged right (i-e., not full 

justified). Avoid hyphenating words at the right margin. 
Manuscripts, including figures, should be submitted in trip- 
licate. The first mention in the text of the scientific name 

of a species should be accompanied by the taxonomic author- 
ity, including the year. Underline scientific names and other 

words to be printed in italics; no other manipulation of type 
faces is necessary on the manuscript. Metric and Celsius units 
are to be used. For aspects of style not addressed here, please 
see a recent issue of the journal. 

The Veliger publishes in English only. Authors whose first 
language is not English should seek the assistance of a col- 

league who is fluent in English before submitting a manu- 

script. 
In most cases, the parts of a manuscript should be as 

follows: title page, abstract, introduction, materials and 
methods, results, discussion, acknowledgments, literature 

cited, figure legends, footnotes, tables, and figures. The title 

page should include the title, authors’ names, and addresses. 

The abstract should be less than 200 words long and should 

describe concisely the scope, main results, and conclusions 
of the paper; it should not include references. An abstract 
should “show, not tell”; e.g., not “lengths were recorded” 

but “lengths ranged from 5.0 mm to 7.5 mm.” 

Literature cited 

References in the text should be given by the name of 
the author(s) followed by the date of publication: for one 

author (Phillips, 1981), for two authors (Phillips & Smith, 

1982), and for more than two (Phillips et al., 1983). 

The Literature Cited .section should include all (and 

only) references cited in the text, listed in alphabetical order 
by author. No citation is needed when author and date are 

given only as authority for a taxonomic name. Each cita- 
tion must be complete, with all journal titles wnabbreviat- 
ed, and in the following forms: 

a) Periodicals: 

Hickman, C. S. 1992. Reproduction and development of 

trochacean gastropods. The Veliger 35:245-272. 

b) Books: 

Bequaert, J. C. & W. B. Miller. 1973. The Mollusks of 

the Arid Southwest. University of Arizona Press: Tuc- 
son. xvi + 271 pp. 

c) Composite works: 

Feder, H. M. 1980. Asteroidea: the sea stars. Pp. 117-135 

in R. H. Morris, D. P. Abbott & E. C. Haderlie (eds.), 

Intertidal Invertebrates of California. Stanford Univer- 

sity Press: Stanford, Calif. 

Tables 
Tables must be numbered and each typed on a separate 

sheet. Each table should be headed by a brief legend. Avoid 
vertical rules. 

Figures and plates 
Figures must be carefully prepared and submitted ready 

for publication. Each should have a short legend, listed on 
a sheet following the literature cited. Text figures should be 
in black ink and completely lettered. Keep in mind page 
format and column size when designing figures. Photo- 
graphs for halftone reproduction must be of good quality, 
trimmed squarely, grouped as appropriate, and mounted on 
suitably heavy board. Where appropriate, a scale bar may 
be used in the photograph; otherwise, the specimen size 
should be given in the figure legend. Photographs should 
be submitted in the desired final size. 

Clear xerographic copies of figures are suitable for re- 
viewers’ copies of submitted manuscripts. It is the author's 
responsibility to ensure that lettering will be legible after 
any necessary reduction and that lettering size is appropriate 
to the figure. 

Use one consecutive set of Arabic numbers for all illus- 
trations (that is, Figures 1, 2, 3..., mot Figure la, 1b, Ic..., 

nor Plate 1), fig1...). 

Processing of manuscripts 

Each manuscript is critically evaluated by at least two 
reviewers. From these evaluations the editor makes a pre- 

liminary decision of acceptance or rejection. The editor’s 
decision and the reviewers’ comments are sent to the cor- 

responding author for consideration and further action. 

Unless requested, only one copy of the final, revised man- 

uscript needs to be returned to the editor. The author is 
informed of the final decision and acceptable manuscripts 

are forwarded to the printer. The author will receive proofs 

from the printer. One set of corrected proofs should be 

returned promptly to the editor after review. Changes other 

than the correction of printing errors will be charged to the 
author at cost. 

An order form for the purchase of reprints will accom- 

pany proofs. Reprints are ordered directly from the printer. 

Common errors of presentation 

The following errors of presentation or interpretation are 
so common (particularly in taxonomic manuscripts) that they 

are worth pointing out here. Attention to these points will 
increase a manuscript’ chances of acceptance: 

Do not confuse raw similarity (observational, objective) 
with phylogenetic relationship (inferential, interpretive). The 

term “affinity” should not be used when “similarity” or “phy- 
logenetic relationship” is meant. Avoid using “close” as an 

adjective denoting resemblance. 

A two-taxon statement, e.g., “[Taxon A] is closely relat- 
ed to [Taxon B]”, is meaningless. The minimal form of such 

statement with any significance is [Taxon A] and [Taxon B] 

are more closely related to each other than either is to [Taxon 

Gk 

Do not refer to taxa as “advanced” (or “apomorphic”) or 

“primitive” (or “plesiomorphic”). Apomorphy and _ple- 

siomorphy are attributes of character-states, not of taxa 
(which are generally mosaics of apomorphies and_ple- 

siomorphies; cf. de Queiroz, K. 1988, Philosophy of Science 
55:238-259; O'Hara, R. J. 1992, Biology & Philosophy 
7:135-160). 

The formula “Xus (=Yus)” to designate synonymy is 
ambiguous; it is not clear whether the writer accepts Xus 

or Yus as the valid name. In the former case, write “Xus 
(synonym: Yus)” and in the latter write “Xus (correctly known 

as Yus)”; or avoid the construction altogether. 

Authors’ contributions 

There are no mandatory page costs to authors lacking 
financial support. Authors with institutional, grant, or other 

research support will be billed for page charges at the rate 
of $50 per printed page (2.5 double-spaced manuscript pages 

normally equal one printed page). Authors who must pay 

from their personal funds will be billed at $20 per page. 

This request is made only after the publication of a paper; 
these contributions are unrelated to the acceptance or rejec- 
tion of a manuscript, which is entirely on the basis of merit. 
Because these contributions by individual authors are vol- 
untary, they may be considered by authors as tax-deductible 

donations to the California Malacozoological Society, Inc., 
to the extent allowed by law. Authors for whom even the 

$20 per page contribution would present a financial hard- 

ship should explain this in a letter to the editor. The edi- 

torial board will consider this an application for a grant to 

cover the publication costs. Authors whose manuscripts 

include very large tables of numbers or extensive lists of 

(e.g.) locality data should contact the editor regarding pos- 

sible electronic archiving of this part of their paper rather 

than hard-copy publication. 

Submitting manuscripts 

Send manuscripts, proofs, books for review, and corre- 

spondence on editorial matters to Dr. Barry Roth, Editor, 

745 Cole Street, San Francisco, CA 94117, USA. 



| wi 

Predatory gastropod drill holes in upper Miocene cold seep bivalves, Hokkaido, Japan 

KAZUTAKA AMANO 5.2 csv yainlats olelipesa Richey ouctlecwenc tire le cl cnc ave cant SPORE Reyna Oona Vi ore 90 

NOTES, INFORMATION & NEWS 

Double eggs of pharaoh cuttlefish, Sepia pharaonis Ehrenberg, 1831 

JARUWAT INABHITABHATAL 2 Sie Sy. lat) aha Boi teas Wier thre acon ey cuell gale lalner aye ta apeerea een 97 

Comments on the natural history of the Ashmunella (Gastropoda: Pulmonata: Polygyridae) of 

White Sands Missile Range (New Mexico, USA) and Fort Bliss (New Mexico and 

‘Texas, USA) 

Observations of predation on the tropical nudibranch Okenia sp. by the sea spider 

Anoplodactylus longiceps Williams (Arthropoda: Pycnogonida) 

CLAUDIA’P. “ARANGO/ AND "GILIANNE (Di BRODIE ocho, 11¢)< cas eases oo ay kone ey a D9 

BOOKS, PERIODICALS & PAMIPEILE WS... seca tac. set sce) ach oie ae) oe pe 102 

97 20 

ION LIBRARIES 

| ! il 



A Quarterly published by 

CALIFORNIA MALACOZOOLOGICAL SOCIETY, INC. 

Berkeley, California 

R. Stohler (1901-2000), Founding Editor 

Volume 46 April 1, 2003 

ISSN 0042-3211 

Number 2 

CONTENTS 

Description of the egg mass of the pygmy cuttlefish, /diosepius paradoxus (Cephalopoda: 

Idiosepiidae), with special reference to its multiple gelatinous layers 

SPAKASEIEKCASW GAIFAND DV WZURUUNKEDAY civ.ad:sacscsstasncoucebaseaswosusstvecsecesasstanaeseeseesacsecsnessessaseess 105 

First observations on the larval development of the marine purple snail Plicopurpura pansa 

(Gould, 1853) under laboratory conditions 

Lupwic C. A. NAEGEL, SONIA RODRIGUEZ-ASTUDILLO, DORA HERNANDEZ-CEBALLOS, AND 

GARMOSTEACERESZNPARMINEZ aaecvastee cere ccere sere tcesersecces secs siesaste sec ese ve sduecs utes tedeseveieuccetedsstesessz: 111 

A review of the Recent and Late Cenozoic Calyptraeidae of New Zealand (Mollusca: 

Gastropoda) 

IBIRUICIE, /A\. IMUNIRGISIAIIDE ” Goosocaceosoacocouposoccencc.ebon0scccsodessendu0abcbaopece sie ack UBC eae} aaHe gc auc es coeecT 117 

Additions to Late Cretaceous shallow-marine gastropods from California 

RICHARD Es SOQUIRESVAND) LOU EDEAURGI SAUL cocsesvossosssseccnncecvsseaseosacccnsccestene stecccneccetisesssaewee 145 

Distribution of sister Littorina species, I: tenacity and the wave-exposure gradient 

HR e/ANU Toe We od @) ETE NIG @ FAVE pone evacenet nace seaseacesensecereavecssecatezes.crerve-dersetecner(etecuetorcesereerctertst ensevirerasrveree 162 

Some aspects of the life history of an intertidal population of the nudibranch Dendronotus 

frondosus (Ascanius, 1774) (Opisthobranchia: Dendronotoidea) in the Bay of Fundy 

IROINIAILID) 185 JANITXTBINT cocdonasGeenaosage cungdocca080da¢aedadaque000950 900050 3c Aca NC Cau aos ace Lea eGE 169 

NOTES, INFORMATION & NEWS 

Synonymy of Cadlina burnayi Ortea, 1988, from the Cape Verde Islands (Opisthobranchia: 

Chromodorididae) with Tyrinna evelinae (Marcus, 1958) 

ANGEL VALDES AND CARLOS MANUEL LOURENGO AFONSO ....scscscscsscssesescscssesessssssssasscessass 176 

CONTENTS — Continued 

The Veliger (ISSN 0042-3211) is published quarterly in January, April, July, and 

October by the California Malacozoological Society, Inc., % Santa Barbara Museum 

of Natural History, 2559 Puesta del Sol Road, Santa Barbara, CA 93105. Periodicals 
postage paid at Berkeley, CA and additional mailing offices. POSTMASTER: Send 
address changes to The Veliger, Santa Barbara Museum of Natural History, 2559 
Puesta del Sol Road, Santa Barbara, CA 93105. 



THE VELIGER 

Scope of the journal 

The Veliger is an international, peer-reviewed scientific quarterly published by the Cali- 
fornia Malacozoological Society, a non-profit educational organization. The Veliger is open 
to original papers pertaining to any problem connected with mollusks. Manuscripts are 
considered on the understanding that their contents have not appeared, or will not appear, 
elsewhere in substantially the same or abbreviated form. Holotypes of new species must be 
deposited in a recognized public museum, with catalogue numbers provided. Even for non- 

taxonomic papers, placement of voucher specimens in a museum is strongly encouraged and 
may be required. 

Very short papers, generally not over 750 words, will be published in a “Notes, Infor- 
mation & News” column; in this column will also appear notices of meetings and other 
items of interest to our members and subscribers. 

Editor-in-Chief 

Barry Roth, 745 Cole Street, San Francisco, CA 94117, USA 

e-mail: editor@veliger.org 

Production Editor 

Leslie Roth, San Francisco 

Board of Directors 

Terrence M. Gosliner, California Academy of Sciences, San Francisco (President) 

Hans Bertsch, National University, San Diego 
Henry W. Chaney, Santa Barbara Museum of Natural History 
Eugene V. Coan, California Academy of Sciences, San Francisco 
Carole S. Hickman, University of California, Berkeley 

Matthew J. James, Sonoma State University 
Rebecca F. Johnson, California Academy of Sciences, San Francisco 
Michael G. Kellogg, City and County of San Francisco 
Christopher L. Kitting, California State University, Hayward 

David R. Lindberg, University of California, Berkeley 
James Nybakken, Moss Landing Marine Laboratories 
Barry Roth, San Francisco 
Roger R. Seapy, California State University, Fullerton 
Carol M. Tang, California Academy of Sciences, San Francisco 
Angel Valdés, Natural History Museum of Los Angeles County 
Geerat J. Vermeij, University of California, Davis 

Membership and Subscription 

Affiliate membership in the California Malacozoological Society is open to persons (not 
institutions) interested in any aspect of malacology. New members join the society by sub- 
scribing to The Veliger. Rates for Volume 46 are US $50.00 for affiliate members in North 
America (USA, Canada, and Mexico) and US $88.00 for libraries and other institutions. 

Rates to members outside of North America are US $65.00 and US $98.00 for libraries 
and other institutions. All rates include postage, by air to addresses outside of North America. 

Memberships and subscriptions are by Volume only and follow the calendar year, starting 
January 1. Payment should be made in advance, in US Dollars, using checks drawn from 
US banks or by international postal order. No credit cards are accepted. Payment should be 
made to The Veliger or “CMS, Inc.” and not the Santa Barbara Museum of Natural History. 
Single copies of an issue are US $25.00, postage included. A limited number of back issues 
are available. 

Send all business correspondence, including subscription orders, membership applications, pay- 
ments, and changes of address, to: The Veliger, Dr. Henry Chaney, Secretary, Santa Barbara 
Museum of Natural History, 2559 Puesta del Sol Road, Santa Barbara, CA 93105, USA. 

Send manuscripts, proofs, books for review, and correspondence regarding editorial matters to: 

Dr. Barry Roth, Editor, 745 Cole Street, San Francisco, CA 94117, USA. 

© This paper meets the requirements of ANSI/NISO Z39.48-1992 (Permanence of Paper). 



The Veliger 46(2):105—110 (April 1, 2003) 

THE VELIGER 
© CMS, Inc., 2003 

Description of the Egg Mass of the Pygmy Cuttlefish, /diosepius paradoxus 

(Cephalopoda: Idiosepiidae), with Special Reference to its Multiple 

Gelatinous Layers 

TAKASHI KASUGAI' anp YUZURU IKEDA? 

'Port of Nagoya Public Aquarium, Nagoya 455-0033, Japan; t-kasugai@nagoyaaqua.or.jp 

*Brain Science Institute, The Institute of Physical and Chemical Research (RIKEN), Saitama 351-0198, Japan 

Abstract. Naturally spawned egg masses of the pygmy cuttlefish Idiosepius paradoxus, a very small cephalopod, are 

described. The egg masses were spawned on the surface of eelgrass blades. They appeared as a dense egg mass close 

to the seagrass bed. An egg mass contained 7-178 eggs, and the egg number varied with egg mass size which ranged 

from 7.5 mm to 98.7 mm in length. Each egg in the mass was wrapped with about 10 layers of a gelatinous substance 

presumably from the female’s oviducal gland, and the oviducal gland jelly was further wrapped with a gelatinous 

substance presumably from the female’s nidamental gland. The surface of the egg mass was covered with muddy sand 

and numerous microorganisms such as diatoms, blue green algae that held nematodes and crustaceans. However, these 

microorganisms did not invade the egg mass, as if they were excluded by the outer gelatinous layer of the egg mass. 

The process of egg mass structuring is discussed in relation to the female’s reproductive organs. 

INTRODUCTION 

The pygmy cuttlefish Idiosepius paradoxus (Ortmann, 

1881) is a small cephalopod inhabiting beds of seagrasses 

and algae in coastal waters of Japan, South Korea, and 

central China (Nesis, 1987). It has been observed for 

three species that the female lays eggs one by one on 

some substrate (Idiosepius paradoxus, Natsukari, 1970; 

Kasugai, 2000; Idiosepius pygmaneus Steenstrup, 1888, 

Lewis & Choat, 1993; Idiosepius thailandicus Chotiya- 

putta, Okutani, & Chaitiamvong, 1991, Nabhitabhata, 

1998). However, there have been some controversial 

statements about the structure of spawned egg masses of 

Idiosepiidae. Yamamoto (1943) reported that the egg 

mass of [. paradoxus appears as follows: “‘many eggs 

were in a spindle-shaped, translucent gelatinous capsule”’ 

and that it was “45-84 mm in length, 8-12 mm wide and 

contained 30-100 eggs”’ [translations]. On the contrary, 

Natsukari (1970) mentioned, based on aquarium obser- 

vations, that eggs of I. paradoxus were individually 

wrapped by 8—10 layers of gelatinous substance so that a 

single egg capsule contained only one egg, as in Sepiidae. 

In the present study, egg masses of I. paradoxus 

spawned in seagrass beds were sampled in order to in- 

vestigate their structure in relation to the female’s repro- 

ductive organs and spawning behavior. 

MATERIALS anpD METHODS 

Twenty-eight egg masses of Idiosepius paradoxus were 

collected on 17, 19 April, and 5 May 2000 from shallow 

Zostera beds along the southern coast of Chita Peninsula 

in central Honshu, Japan (34°43'N, 13°58’E). They were 

transported to the laboratory and examined in detail. 

Overall appearance and surface features of egg masses 

were observed under a dissecting microscope, and length 

and width of the intact egg mass were measured using a 

slide caliper. Each egg mass was then stripped from the 

eelgrass blade, and the number of eggs contained in the 

capsule was determined. 

Five mature female /. paradoxus (dorsal mantle length: 

14.1-15.5 mm) were collected by a small drag net on 5 

June 2000 at the site where the egg masses were collect- 

ed. Their reproductive organs were observed in fresh as 

well as in fixed (10% seawater formalin) specimens. 

RESULTS 

Egg Mass of I. paradoxus 

Figure 1A shows the egg masses of J. paradoxus, 

which adhered to the eelgrass (Zostera marina Linnaeus, 

1753) blades. The egg masses consisted of gelatinous 

substance, and their surface was covered with muddy 

sand and many microorganisms such as diatoms and blue 

green algae which held enematodes and crustaceans (Fig- 

ures 1B, C). The amount of adhering organisms on the 

egg mass varied among specimens examined. The egg 

mass containing eggs with a more advanced embryonic 

stage was covered with microorganisms. 

Each egg (approx. 1 mm in long axis) was arranged 

with others in two to four rows and embedded in a ge- 

latinous substance (Figure 2A). A single egg was 

wrapped by about 10 layers (i.e., turns in a spiral) of 
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Figure 1. Photographs of /diosepius paradoxus egg masses spawned on eelgrass blades. A. Overall appearance of egg masses (arrows). 

B. Egg mass covered with numerous microorganisms. C. Surface of egg mass, with microorganisms including micro algae. Scale bar 

= 10 mm for B, 1 mm for C. 

gelatinous substance and this egg-jelly unit was further 

wrapped by a different type of gelatinous substance (Fig- 

ure 2B). These egg-jelly packages and the outer jelly lay- 

er made up a single egg mass (Figure 2A). Interestingly, 

microorganisms on the egg mass did not invade the ge- 

latinous layer during the observation period, as if the eggs 

were protected against these organisms. 

The length of the egg mass and the egg number in a 

single egg mass (Figure 3) varied among specimens, 

whereas the width of the egg mass did not vary greatly 

(length, 7.5 mm—98.7 mm; egg number, 7-178; width, 5.8 

mm-—9.3 mm). Egg number in an egg mass was correlated 

with egg mass length (Figure 3). Since variation of egg 

mass width was not large along the egg mass length, egg 

masses would be produced lengthwise. Actually, the lon- 

gest egg mass among the present specimens consisted of 

several egg masses with almost identical width (Figure 4). 

Female Reproductive Organs 

Reproductive organs of mature female /. paradoxus 

consist of a single ovary, paired oviducts and oviducal 
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Figure 2. Details of egg mass of /. paradoxus, after removal from the eelgrass blade. A. Eggs are arranged in two to four rows and 

embedded in a gelatinous substance. B. Single egg wrapped with about 10 layers of gelatinous substance, which are further wrapped 

with a different kind of jelly. Scale bar = 1 mm for A and B. 

glands, nidamental glands, and accessory nidamental 

glands (Figure 5). The posterior portion of the female’s 

mantle cavity is occupied by the large ovary in which 

yellow-orange ripe ova can be observed. The left oviduct 

is packed with ripe ova while the right one is not func- 

tional (Nesis, 1987). Oviducal glands are clearly observed 

at both sides of the nidamental glands. The posterior end 

of the left oviducal gland connects with the oviduct, 

whereas the anterior end of this gland opens to the mantle 

cavity. The nidamental glands are extremely large and 

occupy more than one-half of the mantle cavity. The ac- 

cessory nidamental glands are small and are hidden be- 

neath the anterior portion of the nidamental glands. In 

fresh material, the surface color of nidamental and ovi- 

ducal glands are deep white, whereas the accessory ni- 
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Figure 3. Relationships between egg mass length and egg mass 

width ((_]), and between egg mass length and number of eggs 

per egg mass (@). 

damental glands are white with orange and red spots (bac- 

terial symbionts). 

DISCUSSION 

Boletzky (1987) reviewed egg encapsulation in cephalo- 

pods and found generalized features of the egg and its 

surrounding gelatinous substances from oviducal and ni- 

damental glands, in which the former directly wraps an 

egg and the latter further wraps these units to build an 

egg mass. According to this idea, the structure of an /di- 

osepius paradoxus egg mass presently examined could be 

drawn as follows (Figure 6): a single egg is directly 

wrapped with oviducal gland jelly and then many of these 

egg-jelly units are further wrapped with nidamental gland 

jelly. Based on the spawning behavior of /. paradoxus as 

observed in captivity (Kasugai, 2000), it could be spec- 

ulated that egg encapsulation probably occurs as follows: 

first, the female extrudes a gelatinous substance from the 

nidamental glands into her arm crown through the funnel, 

and second, she sends a single egg, wrapped with ovi- 

ducal gland jelly, into the mass of pre-produced nida- 

mental gland jelly and attaches them with all her arms 

(including tentacles) to the eelgrass blade. She repeats 

this behavior to produce an elongated egg mass. This con- 

sideration, as well as the whole appearance of /. para- 

doxus egg masses presently observed, are in agreement 

with the statement by Yamamoto (1943). A similar type 

of egg mass was reported for /diosepius pygmaeus (Lewis 

& Choat, 1993). Thus, an egg mass that is characterized 

by eggs and its surrounding multilayered gelatinous struc- 

ture may be a feature shared by all Idiosepiidae. The 

structure of the multilayered egg capsule that consists of 

an inner layer with oviducal gland jelly and an outer layer 

of nidamental gland jelly draws attention to the possible 

function of these gelatinous materials. Indeed oviducal 
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Figure 4. The longest egg mass among the present specimens. Note that this egg mass seems to consist of four masses, the discon- 

tinuities being indicated by arrows. Scale bar, 10 mm. 

gland jelly relates with perivitelline space formation 

around the ovum, which is necessary for normal embry- 

onic development in squid (Ikeda et al., 1993), whereas 

nidamental gland jelly does not have that function (Ikeda 

& Shimazaki, 1995). 

Natsukari (1970), who observed the spawning behavior 

of J. paradoxus in captivity, described its egg capsule as 

similar to that in Sepiidae, i.e., a single egg and one type 

of jelly. His description made no mention of the outer 

layer of gelatinous substance which the present study 

considers as nidamental gland jelly. Two possible reasons 

are conceivable for this inconsistency. Either the outer 

gelatinous layer of the 1. paradoxus egg capsule was 

overlooked in Natsukari’s observation, since the outer ge- 

latinous layer of I. paradoxus egg capsule is extremely 

transparent and barely visible immediately after spawning 

(Kasugai, personal observation), or the spawning behav- 

ior of 1. paradoxus was not normal in Natsukari’s obser- 

Figure 5. Female reproductive organs of 1. paradoxus. A. Ventral view. B. Lateral view. 1, ovary; 2, oviduct; 3, oviducal glands; 4, 

opening of oviducal glands; 5, nidamental glands; 6, accessory nidamental glands; 7, gill; 8, branchial heart; 9, anus. 
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Nidamental gland jelly Oviducal gland jelly 

Ege Ay 
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Figure 6. Schematic representation of J. paradoxus egg mass. 

A single egg is wrapped with about 10 layers of oviducal gland 

jelly, and these egg-jelly packages are further wrapped with ni- 

damental gland jelly which sticks to the eelgrass blade. 

vation since no natural substrates to which the female 

could attach the egg mass were provided in his experi- 

ment. The published photograph indeed shows a large, 

“unorganized”’ cluster of eggs (Natsukari, 1970). 

It was reported that the female /. paradoxus spawned 

17-64 eggs in a single egg-laying episode (Natukari, 

1970), however, a maximum of 178 eggs per egg mass 

was measured in the present study. The long egg mass in 

the present study appeared to consist of several egg mass- 

es (Figure 4), suggesting females of 1. paradoxus may 

add their eggs to already existing egg masses like the 

cuttlefish Sepia officinalis Linnaeus, 1758 (Tinbergen, 

1939) and the loliginid squids Loligo pealei Lesueur, 

1821 (Arnold, 1962) and ‘Loligo opalescens Berry, 1911 

(Yang et al., 1986). 

The surface of the outer coat of the 1. paradoxus egg 

mass was covered with muddy sand and numerous mi- 

croorganisms. This condition is also observed in egg 

masses of Sepiidae and Sepiolidae in which mud, sand, 

and small pieces of coral stick to the capsule surface (Al- 

drich & Lu, 1968; Yamamoto, 1943; Singley, 1983; Han- 

lon et al., 1997). This is partially achieved by the spawn- 

ing female since Sepia subaculeata Sasaki, 1914! (Tsu- 

boi, 1961) and Euprymna scolopes Berry 1913 (Hanlon 

et al., 1997) cover the egg mass with sand when spawn- 

ing. It is notable that microorganisms adhering to the egg 

mass of /. paradoxus never invaded the egg mass (present 

observation). This fact tentatively suggests the outer ge- 

latinous coat works as a shield against parasites. Biggs & 

Epel (1991) observed dense cultures of bacteria in the 

gelatinous layers of the egg capsule in Loligo opalescens 

Berry, 1911, and they suggested that these bacteria might 

act as a defense for the egg capsule and the embryo. 

Barbieri et al. (1997) observed for Loligo pealei Lesueur, 

1821, that bacteria are transferred from accessory nida- 

mental glands (where dense cultures of bacteria are lo- 

cated) to the gelatinous egg capsule during spawning. 

Kaufman et al. (1998) later demonstrated for Loligo opa- 

lescens that bacteria are acquired from environmental sea- 

' Currently identified as Sepia (Acanthosepion) lycidas Gray, 

1849. 
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water as the juvenile grows. On the other hand, chemical 

elements of the outer gelatinous coat of egg capsule may 

have a defensive function, as Atkinson (1973) observed 

that an extract from the nidamental gland jelly of Loligo 

pealei inhibited ciliary movement of a sea urchin’s larvae. 

Defensive mechanisms such as bacteria contained in the 

accessory nidamental gland and/or chemicals in the ni- 

damental gland jelly of spawned egg masses could also 

act in 1. paradoxus. 
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First Observations on the Larval Development of the Marine Purple Snail 

Plicopurpura pansa (Gould, 1853) under Laboratory Conditions 

LUDWIG C.A. NAEGEL,' SONIA RODRIGUEZ-ASTUDILLO,! 

DORA HERNANDEZ-CEBALLOS! aAnp CARLOS CACERES-MARTINEZ? 

‘Centro Interdisciplinario de Ciencias Marinas, Instituto Politécnico Nacional (CICIMAR/IPN) 

La Paz, B.C.S. 23096, México 

*Universidad Autonoma de Baja California Sur (UABCS), La Paz, B.C.S. 23080, México 

Abstract. First results are presented on the larval culture in the laboratory at 21—23°C of the marine muricid Pli- 

copurpura pansa (Gould 1853). After 6-8 weeks of intracapsular lecithotrophic development, each egg capsule released 

an average of 440 planktotrophic veligers. At hatching, veliconchs had two fully developed, oval velar lobes that 

elongated and each became bilobed before metamorphosis. The shell length nearly doubled from 282 to 477 wm during 

the first 4 weeks post hatching, to 902 4m during the following 4 weeks. The area of the velum at the time of hatching 

was 37 wm2?, and increased nearly 10 times during the following 3 weeks (347 m7). After this period, the velum growth 

rate followed the size increase of the shell length and reached after 9 weeks a surface area of 937 wm’, and after 20 

weeks 976 wm’. No larvae metamorphosed naturally during 7 months of culture in the laboratory. Loss of the velum 

was triggered successfully in 4-month-old pediveligers by elevating the KCI concentration 15 mM in seawater. However, 

after 3 days the animals had died, possibly due to stress from the KCl treatment or due to inadequate food after loss of 

the velum. 

INTRODUCTION 

The carnivorous, dioecious marine muricid Plicopurpura 

pansa (Gould, 1853) inhabits intertidal rocky shores ex- 

posed to high impact waves of the open sea. The range 

of P. pansa extends from the north-west coast of Mexico 

(Baja California Sur) (Clench, 1947; Keen 1971) to north- 

ern Peru (Pena, 1970; Paredes et al., 1999). 

Most marine snails of the family Muricidae, if not all, 

produce a colorless secretion in the hypobranchial gland 

that turns purple on exposure to air and light (Fretter & 

Graham, 1994). Purple dyes derived from marine muri- 

cids were extensively used in antiquity. Today, however, 

there is little interest in ““Tyrian purple” in most parts of 

the world, since similar pigments can be obtained from 

synthetic substitutes at much less cost (Born, 1936; Im- 

ming et al., 2001). However, a remarkable exception has 

to be mentioned: The tradition of dying material with the 

“ink” of the purple snail has survived in remote Pacific 

regions of Mexico and Costa Rica (Turok, 1999). In Mex- 

icO, in recent years, the commercial exploitation of the 

purple snail for dyeing kimonos with “Tyrian Purple” 

had reached such levels as to threaten the survival of the 

species. In 1988 P. pansa was declared a protected spe- 

cies by the Mexican government (Diario Oficial, 1988). 

Despite the recent concerns about the state and recov- 

ery of P. pansa, little is known about the principal life- 

history features, and many basic biological questions 

about the reproduction and larval development remain. 

To date, there have been no complete studies published 

on the reproductive biology and embryonic and larval 

development. The accessibility only during extreme low 

tides along intertidal rocky shores exposed to high impact 

waves is the main reason for the difficulties of P. pansa 

field research. Biological information, however, is a pre- 

requisite for the development of techniques for restocking 

natural populations and for management policies that may 

help buffer this threatened species from the effects of 

over-exploitation. The objectives of this study were to 

determine (a) the duration of the period of larval devel- 

opment until settling and metamorphosis, (b) the growth 

rates of the velum and the shell, and (c) the effectiveness 

of selected natural and artificial cues as triggers for meta- 

morphosis. We present first results about the larval rear- 

ing of P. pansa under laboratory conditions. 

MATERIALS AnD METHODS 

Three hundred adult snails (shell length: 27.61 + SD 4.79 

mm, range: 17.3—44.2 mm; wet weight: 3.41 + 1.74 g; 

range: 0.92-11.9 g) were collected between October and 

December 1999 during extreme low tides from exposed 

low intertidal rocks at Playa Cerrito (23°19'54’N, 

110°10'38”W), about 120 km southwest of La Paz, Baja 

California Sur, Mexico. The snails were transferred to the 

laboratory (CICIMAR, La Paz). Sex determination was 

accomplished by visual inspection for a penis. 

Approximately equal numbers of males and females 
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were distributed haphazardly in 10 inverted glass carboys 

with cut-off bottoms, each filled with 10 liters of seawater 

(salinity: 30—34%c, daily water exchange; temperature 

range: 21—23°C; 12 hours light/dark). The animals were 

fed to satiation with daily additions of squid, mussels, or 

beef heart. 

About 4 months later, the first egg capsules were found 

attached to the walls of the glass bottles. Oviposition was 

continuous with peaks of reproduction between April— 

June, and October-December. 

At a water temperature of about 21—23°C the intracap- 

sular development was completed between 5 to 8 weeks 

after capsule deposition and fully developed plankto- 

trophic veligers hatched (unpublished observations). To 

obtain a cohort of larvae from the same female, a few 

2-month-old capsules from the same cluster were opened 

by hand to liberate the veligers. The larvae were trans- 

ferred into culture vessels (0.8 L and 8.0 L) made from 

a short length of PVC with bottoms out of nylon filters. 

These culture vessels were floated in 50 L containers 

filled with filtered (25 wm, 5 wm, and activated carbon) 

and UV-treated seawater (salinity: 34%o; temperature 22— 

23°C). Mesh apertures of the nylon filters were varied 

during development from 180 ym during the first weeks 

of culture, to 300 wm and later 500 wm. Cultures were 

oxygenated using air-lift pumps, and water was changed 

every 3 or 4 days. The larvae were fed daily with a final 

total concentration of 10,000 cells/mL of the microalgae 

Isochrysis galbana (Taihiti strain) and Thalasiosira weiss- 

flogii (formerly T. fluviatilis (1:1). 

For weekly estimations of growth rate 20—30 larvae 

were temporarily removed from the 8 L culture vessels 

(stocking density: about 125/L), and the shell size of each 

was measured with a Zeiss-Stemi SV 11 stereomicroscope 

equipped with an ocular micrometer. After the measure- 

ments, the animals were returned to the culture vessels. 

To determine the velum area, images of the veligers were 

captured with a video camera connected to a Panasonic 

GP-KR 222 digitalizer attached to the stereomicroscope. 

The area of the velum was determined with the software 

Sigma Scan (Jandel Scientific). Survival rate was esti- 

mated weekly from five replicates of individually counted 

(range 113-147, originally freshly liberated veligers 

reared in 800 mL PVC containers. Finally, we tested po- 

tential triggers for metamorphosis; natural substrata 

(stones collected in wave-exposed subtidal environ- 

ments), strong turbulence in the culture container, mucus 

of conspecific adult snails, and finally exposure to an el- 

evated concentration of 15 mM KCl in seawater, as de- 

scribed by Pechenik & Heyman (1987). Data were com- 

pared by one-way analysis of variance (ANOVA) using 

Sigma Stat software (Jandel Scientific). 

RESULTS 

Lentil-shaped egg capsules of the purple snail were laid 

clow the water level in a compact mass of multiple cap- 

sules firmly attached to the glass of the culture vessels. 

During a culture period of 3 months, 15 females depos- 

ited more than 2000 capsules. At 22—23°C hatching 

among capsules occurred non-synchronously after 6—8 

weeks. At the time of hatching, torsion was already com- 

pleted and larvae were able to retract the head and foot 

into the shell. The translucent shell allowed observations 

of the beating heart and digestive tract. The velum was 

bilobed when the veliconcha larvae of P. pansa hatched 

(Figure 1A). As the larvae grew, the velum increased in 

size at the same rate as the shell to meet the increased 

needs of food and buoyancy (Figure 1B). 

The shell size nearly doubled from 282 to 477 wm 

during the first 4 weeks, and during the following 4 weeks 

to 902 wm (Figure 2). After this rapid initial increase, the 

size of the shell did not increase significantly during the 

following 7 weeks. The shell length increased to only a 

little bit more than 1 mm (1004 wm). 

The area of the velum increased from 37 wm? at the 

time of hatching to 347 wm? during the following 3 weeks 

(Figure 3). After this period, the growth rate was corre- 

lated to the increase of the shell, and reached an area of 

937 wm? after 9 weeks, and 976 wm? after 20 weeks. 

During the first 2 weeks of hatching, larvae swam in 

the water column with periods of resting on the bottom 

by extending and retracting the velum into the shell. With 

increasing age the veliconchas became more and more 

negatively buoyant, lying most of the time on the bottom 

of the culture vessel. With the growth of the larvae, the 

velum began to elongate into two lobes of butterfly form, 

and the size of the foot grew significantly. 

As a means to control and improve the culture condi- 

tions we determined weekly the survival rate of the lar- 

vae. A steady, but slight decrease of the number of ani- 

mals was observed. After 11 weeks we obtained a sur- 

vival rate of more than 50% (Figure 4). 

Loss of larvae may have happened during water ex- 

change and the cleaning of the culture vessels, or may 

have been due to shell breakage during handling, al- 

though larvae do have limited capacity to repair damage 

to the leading shell edge and siphonal canal (DiSalvo, 

1988). 

After 10 weeks, the larvae of P. pansa presented a well 

developed propodium and a shell beak, possible charac- 

teristics for competence (pediveliger stage); 14-week-old 

larvae appeared more frequently attached to the sides of 

the culture vessels, but they maintained their velum with- 

out any signs of degeneration. Middelfart (1996) consid- 

ers larvae of muricid gastropods as competent when a 

pronounced beak is apparent, a well developed sinusigera 

character is present (including a well developed siphonal 

canal), and the outer lip bends out on each side of the 

beak. It has to be kept in mind, however, as noted by 

Pechenik (1990), that the only way to determine that a 

given larva is competent to metamorphose is to success- 

fully trigger its metamorphosis, and competence must be 
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Figure 2. Increase in shell length of P. pansa veligers (n = 20) 

obtained from the same capsule after assisted hatching until 15 

weeks of age. The box encompasses the 25th through the 75th 

percentile, the horizontal line marks the median. The caps show 

the 10th and 90th percentile. 

carefully defined by the responses to particular cues ad- 

ministered under well defined conditions. In our experi- 

ments we were not able to induce metamorphosis through 

the use of natural substrates, strong wave actions, or films 

from adult snails attached to the culture vessels. However, 

1200 

® @ 
1000 e © 

@ 
= 800 
E 
= 

® ‘o] o 600 

<x 

E 
5° 400 
o @ 

a @ 
-—H 

2004 

lOO pm ® 

Figure 1. A. Newly hatched P. pansa veliger with velum, foot, o4 © 

and operculum visible. B. Ten-week-old P. pansa pediveliger 

with the extended foot and elongated “‘butterfly-shaped’’ velum. 
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Figure 3. Growth of the velum of P. pansa after hatching (j1m?) 

(n = 1). 
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Figure 4. Survival rate of P. pansa from five replicates. The 

veligers (at the beginning of the experiment: range 113-147) 

were individually counted weekly. The box encompasses the 

25th through the 75th percentile, the horizontal line marks the 

median. The caps show the 10th and 90th percentile. 

a 15 mM elevation of the KCI concentration in the sea- 

water was effective with 4-month-old pediveligers. The 

larvae responded with velar convulsions and _ erratic 

swimming for a few minutes, and withdrew partially into 

the shell. A few hours later, the larvae exhibited pedal 

crawling and changing of direction, and after 12 hours 

started to crawl on the bottom of the glass jar. However, 

the animals did not shed their velum. The velum stayed 

functional and after 24 hours of the treatment it was fully 

expanded again. A second KCl treatment with the same 

elevated KCI concentration resulted in the gradual loss of 

the velum after 24 hours. Three days after the second 

treatment, however, the animals were found dead, possi- 

bly due to the KCI treatment, or due to starvation after 

the loss of the velum. 

DISCUSSION 

Among marine mollusks that lack nurse eggs, most de- 

velopmental patterns are directly dependent on egg size. 

Egg size is directly correlated with pre-hatching devel- 

opment period and hatching size, whereas egg size is in- 

versely correlated with the length of the pelagic period 

(Gallardo & Perron, 1982). Species with a planktotrophic 

larval stage produce smaller and more numerous eggs 

than species with lecithotrophic larvae or direct devel- 

opment (Thorson 1950; Gallardo & Perron, 1982). In 

comparison with other intertidal muricids without nurse 

eggs, the egg capsules of P. pansa contain small and nu- 

nerous eggs, like Concholepas concholepas (Gallardo, 

1973). With P. pansa the several weeks needed for intra- 

capsular development, and the several months needed for 

larval development until metamorphosis should not be 

surprising. As Thorson (1950) and Spight (1977) de- 

scribed, benthic marine caenogastropods with a large 

number of small eggs undergo a period of several weeks 

of intracapsular development. Since small veligers need 

several weeks until they become physiologically compe- 

tent to metamorphose, they remain for a long period in 

the plankton or hidden in cracks and crevices of rocks. 

During the first 2 weeks after hatching, larvae of P. 

pansa swam periodically in the water column with long 

periods of resting on the bottom by extending and retract- 

ing the velum into the shell, and during the following 

time the veliconchs became negatively buoyant, lying all 

the time on the bottom of the culture vessel, suggesting 

that the larvae might have a mainly benthic life. DiSalvo 

& Carriker (1994) reported a similar behavior of the pe- 

diveligers of the Chilean muricid Concholepas concho- 

lepas. This could be a strategy for survival of a marine 

veliger exposed to high impact waves on the intertidal 

rocky shore. Purely planktotrophic larvae could either be 

damaged or dispersed far away from the rocks by the 

strong wave actions at the site of egg position. Submerg- 

ing into cracks of rocks could prevent both dangers, al- 

though predation there is much higher. Additionally, de- 

mersed demersal-planktotrophic larvae remaining on or 

near the benthos would permit competent larvae to better 

access the availability of prey or substrate (Shimek, 

1986). Despite intensive efforts along the coast of Sina- 

loa, Mexico, the search for veligers of P. pansa in plank- 

ton tows was unsuccessful (personal communication, 

Marco A. Escalante, Mazatlan, México). 

Shimek (1986) described that the released veligers of 

the Northeastern Pacific Turridae, Oenopota levidensis 

swam in the culture jars for less than a week and spent 

the remainder of their planktonic larval period on the bot- 

tom of the culture vessels. Kohn (1961) described a sim- 

ilar behavior at the veliconch stage of Conus pennaceus. 

The larvae swam for about | day or less, assumed a ben- 

thic habitat and, only then began a partial metamorphosis. 

In our experiments the larvae attained a shell length of 

950 wm in 9 weeks. After this period, growth rate de- 

creased, suggesting that the larvae were near metamor- 

phosis, or that the appropriate food was lacking. In our 

experiments we offered to the veligers two species of 

planktonic microalgae at a total concentration of 10,000 

cells/mL. The cessation of shell growth may have reflect- 

ed food limitations, rather than adaptive adjustment of 

metabolic parameters associated with postponing meta- 

morphosis, as described by Pechenik et al. (1984) for the 

larvae of Cymatium parthenopeum and for Crepidula for- 

nicata (Pechenik et al. 1996). They reared successfully 

larvae of Crepidula fornicata at a phytoplankton (con- 

centration Isochrysis galbana, clone T-ISO) of approxi- 
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mately 180,000 cells/mL—a concentration nearly 20 

times higher than in our tests. 

The expandable velum serves for respiration, locomo- 

tion, and feeding; and the success of the prosobranch ve- 

liger for survival depends on its availability to collect and 

digest a variety of nano- and microplanktonic cells in the 

range of 2-20 wm. The growth of the velar lobes is re- 

lated to food availability, and the rapid increase of the 

velar lobe size during the first weeks could suggest food 

limitations (Klinzing & Pechenik, 2000). Three weeks af- 

ter hatching, the area of the velum of P. pansa increased 

nearly 10 times, and after this period the growth was cor- 

related to the size increase of the shell. 

The value of the different phytoplankton species as 

food for mollusks is important in determining suitable 

diets for larval and juvenile development. The phyto- 

plankton as a food must supply both energy and essential 

nutrients (Whyte, 1987). Because different species of mi- 

croalgae may be limiting in one or more of the key nu- 

trients, mixed-algal diets provide a better balance and 

normally are used in mariculture (Brown et al., 1997). 

Fretter & Montgomery (1968) examined the gut content 

of gastropod larvae in inshore and offshore waters, and 

found that flagellates (among others, [sochrysis) and, to 

a lesser extent, diatoms (among others, Thalasiossira) are 

an important food. In our experiments the microalgae 

Thalassiosira and Isochrysis were selected because of 

their extensive use in bivalve hatcheries and nurseries 

(Enright et al., 1986) and most importantly, their avail- 

ability in our laboratory. At a later stage of larval devel- 

opment benthic algae are possibly needed. In abalone cul- 

ture, the benthic diatoms, Navicula, Nietzia, and Amphora 

are used as natural stimulants for settlement and meta- 

morphosis (personal communication, Joe Altick, Erendi- 

ra, Baja California, Mexico). 

The rearing temperature has a significant impact on the 

period of embryonic and larval development. In studies 

of the Chilean marine rocky shore muricid Concholepas 

concholepas, at a water temperature of 12—14°C, embry- 

onal development took 60—84 days until hatching (Ra- 

morino, 1979), and at a temperature of 16.6°C only 36 

days (Gallardo, 1973). For Crepidula fornicata it took 5 

weeks until settling and metamorphosis in the 10°C cold 

waters of Washington State, and at 28°C in Panama only 

7 days (personal communication, R. Collin, Smithsonian 

Institute, Panama). 

A similar long period is needed for the larval devel- 

opment until metamorphosis (DiSalvo, 1988). With Con- 

cholepas concholepas at ambient temperatures near 16°C 

it took the larvae until metamorphosis and settlement 111 

to 124 days, resulting in very high mortalities (DiSalvo, 

1988; DiSalvo &-Carriker, 1994). 

Settlement and metamorphosis are key steps during the 

life cycle of benthic marine invertebrates (Rodriguez et 

al., 1995). The substrate plays a crucial role for most 

intertidal benthic invertebrates, as a source of food, for 
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attachment, and for shelter, as well as protection either 

from predators or adverse environmental conditions (e.g., 

dislodgment by wave actions and tidal currents, and des- 

iccation through prolonged exposure to air; Gimin & Lee, 

1997). Metamorphosis of competent larvae must be trig- 

gered by particular chemical or physical cues. In the ab- 

sence of those external cues, metamorphosis may be post- 

poned or delayed, while the capacity to metamorphose is 

maintained (Pechenik, 1999). In many marine inverte- 

brates, metamorphosis can be artificially triggered by 

chemical cues, like the neurotransmitters y-aminobutyric 

acid (GABA) or 3,4-dihydroxyphenylalanine (DOPA), 

the free amino acids valine and isoleucine, hydrogen per- 

oxide, as well as K-ion concentrations above ambient sea- 

water levels (Boettcher & Targett, 1998). 

In future studies about larval development, an increase 

in the microalgae concentration is required. Additionally, 

the search for artificial and natural substances to trigger 

metamorphosis, and modifications in the KCl treatment 

are needed to determine the minimum period needed from 

hatching until metamorphosis to reduce the period in the 

laboratory necessary for larval rearing and the risk of 

mortality due to predation and contamination. 

These preliminary results for the rearing of the larvae 

of P. pansa showed us the problems that will need to be 

solved during the next experiments. In experiments with 

Concholepas concholepas, it took many years and much 

effort until the first successful metamorphosis and settle- 

ment of larvae of this species could be reported (DiSalvo 

& Carriker, 1994). Similar hurdles have to be overcome 

in rearing the larvae of the purple snail, but now the first 

basic steps have been made. 
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Abstract. The New Zealand Recent and Late Cenozoic Calyptraeidae are revised. Maoricrypta Finlay, 1926, is 

reinstated as a genus distinct from Crepidula Lamarck, 1899, for New Zealand Recent and Tertiary species with two 

muscles/scars beside the rim of the septal insertion. Maoricrypta sodalis, sp. nov. and M. kopua, sp. nov. are described, 

M. monoxyla (Lesson, 1830) is redefined, and M. youngi Powell, 1940, is reinstated as distinct from M. profunda (Hutton, 

1873). New Zealand species with a single (right) muscle/scar are referred to Grandicrepidula McLean, 1995. These 

include a Recent bathyal species G. collinae, sp. nov., and the Cenozoic species Maoricrypta salebrosa Marwick, 1929, 

and Crepidula densistria Suter, 1917. Grandicrepidula 1s interpreted as a genus rather than a subgenus of Crepidula. 

Zegalerus Finlay, 1926, is interpreted as a synonym of Sigapatella Lesson, 1830, and two new species of Sigapatella 

are described: S. ohopeana, sp. nov. of Middle Pleistocene age (Castlecliffian), and the other Late Pliocene or Early 

Pleistocene (Nukumaruan) S. nukumaruana, sp. nov. Sigapatella crater (Finlay, 1926) is interpreted as a junior synonym 

of S. terraenovae Peile, 1924. 

INTRODUCTION 

Calyptraeid gastropods are marine, suspension feeding, 

protandrous hermaphrodites that brood their young (Wer- 

ner 1951, 1952, 1953, 1959: Hoagland, 1977). The lim- 

pet-shaped shells are distinctive in having an internal 

shelf or septum, and typically are highly intraspecifically 

variable in shape, the aperture shape matching contours 

of preferred substrata, generally rocks or shells. Devel- 

opment may be planktotrophic, lecithotrophic or direct, 

with great interspecific variation in life history within 

these developmental modes (Hoagland, 1977; Collin, 

2000a, and references therein). 

The primary objective of the present contribution is to 

indicate that Maoricrypta and Grandicrepidula McLean, 

1995, are distinctive and appropriate genus groups for 

New Zealand species referred to Crepidula Lamarck, 

1799, by Hoagland (1977), and to indicate some defining 

characteristics of Sigapatella Lesson, 1830, which Bandel 

& Riedel (1994) interpreted as a synonym of Calyptraea 

Lamarck, 1799. New Zealand Recent calyptraeids are re- 

viewed taxonomically in this light, together with some of 

the Tertiary taxa. Finally, a key is provided for the New 

Zealand Recent Calyptraeidae. 

Abbreviations and text conventions: MNHN—Muséum 

National d’ Histoire Naturelle, Paris; NMNZ—Museum of 

New Zealand Te Papa Tongarewa, Wellington; NZGS— 

Institute of Geological and Nuclear Sciences, Lower Hutt. 

MATERIALS ann METHODS 

Unless specified, all material examined is at NMNZ (reg- 

istration numbers preceded by “‘M.’’). 

Radulae were dissected from buccal masses, cleared of 

tissue with dilute, cold aqueous solution of potassium hy- 

droxide, washed in distilled water, sonicated, and stored 

in 80% ethanol prior to dry mounting on carbon tape on 

aluminium stubs for scanning electron miscroscopy. Pro- 

toconchs were soaked in wetting agent (trisodium phos- 

phate), and sonicated in water to remove extraneous mat- 

ter, and stored in pure ethanol prior to attachment to stubs 

using colloidal carbon cement. Images were captured by 

digital light camera (uncoated specimens), and scanning 

electron microscopes (gold or carbon/gold/palladium 

coated specimens). All measurements are in SI units. 

Magnifications of enlarged images were established using 

a calibrated microscope optical graticule. Protoconch 

whorl counting follows Osselaer (1999). 

SYSTEMATICS 

Superfamily CALYPTRAEOIDEA Lamarck, 1809 

Family CALYPTRAEIDAE Lamarck, 1809 

Genus Maoricrypta Finlay, 1926 

Maoricrypta Finlay, 1926:393. Type species (by original 

designation): Crepidula costata G.B. Sowerby I, 1824; 

Recent, northern New Zealand. 

Zeacrypta Finlay, 1926:393. Type species (by original des- 

ignation): Calyptraea monoxyla Lesson, 1830; Recent, 

New Zealand. (Introduced as a subgenus of Maoricryp- 

ta). 

Diagnosis: Shell slipper-shaped, large muscle scars be- 

side rim of septal insertion on left and right sides; septal 
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rim broadly and evenly concave or almost straight, at 

about right angle to longitudinal axis of shell. 

Remarks: Hoagland (1977) presented an unweighted 

multivariate analysis of 30 crepiduliform calyptraeids in- 

corporating shell size, muscle/muscle scar number, stack- 

ing, shell pigment, convexity, preferred substratum, ros- 

tration, septal area, septal sulcus, type of larval devel- 

opment, station, and distribution. The result suggested 

that any group based solely on the number of muscle 

scars would be polyphyletic. Hoagland (1977) synony- 

mized Maoricrypta with Crepidula Lamarck, 1799, es- 

sentially by stating that the genus was based on geogra- 

phy rather than phylogeny. As she admitted, however, M. 

costata (G.B. Sowerby I, 1824), M. “‘monoxyla”’ (not 

Lesson, 1830 = M. sodalis Marshall, sp. nov.), and M. 

youngi Powell, 1940, are distinctive in having large mus- 

cle scars beside the rim of the septal insertion on both 

left and right sides, instead of a single muscle/scar on the 

right side, or no muscle/scar in either position, as in the 

great majority of crepiduliform species from outside the 

New Zealand region, including C. fornicata (Linnaeus, 

1758), the type species of Crepidula (Hoagland, 1977). 

Hoagland (1977) also admitted that M. costata and M. 

““monoxyla”’ (1.e., M. sodalis) seem likely to be related 

despite pronounced differences in shell morphology, col- 

or, type of larval development, and habitat. Other New 

Zealand species with two muscle scars are Crypta pro- 

funda Hutton, 1873 (Waipipian?: Late Pliocene—see be- 

low), Crypta turnialis Bartrum & Powell, 1928 (Opoitian: 

Early Pliocene), and the stacking form common in Late 

Miocene (Tongaparutuan) beds in eastern Palliser Bay, 

which Dell (1952) identified as Crepidula wilckensi Fin- 

lay, 1924. The muscle scars of Crypta opuraensis Bar- 

trum & Powell, 1928 (Opoitian), Crepidula haliotoidea 

Marwick, 1926 (Tongaparutuan: Late Miocene), and Pi- 

laeopsis radiata Hutton, 1873 (type locality age Kapi- 

tean?: Late Miocene) (? = Crypta striata Hutton, 1873) 

have not been seen because the available specimens are 

filled with hard matrix, but they are extremely similar to 

C. turnialis and C. wilckensi in gross facies and seem 

likely to be congeneric (it is quite possible that some of 

them are synonyms). New Zealand taxa with only one 

(right) muscle scar differ further from those with two in 

that the septum extends farther anteriorly on the left side 

than on the right (i.e., obliquely), instead of at about a 

right angle to the longitudinal axis of the shell: this group 

includes Maoricrypta salebrosa Marwick, 1929 (Dun- 

troonian: Late Oligocene), Crepidula densistria Suter, 

1917 (Altonian: Early Miocene), and Grandicrepidula 

collinae Marshall, sp. nov., described below. Exceptions 

are forms of Maoricrypta monoxyla that live attached to 

the exteriors of tightly dextrally coiled gastropods, in 

which the septum is oblique because the shell twists to 

right. 

Thus New Zealand species fall into two groups that 
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clearly represent separate phylogenetic radiations, differ- 

ing from Crepidula (s. str.) in the number of muscles/ 

scars beside the rim of the septal insertion, the angle of 

the septum, and the shape of the septal rim. Maoricrypta 

Finlay, 1926, is available for New Zealand species with 

two muscles/scars and a simple septum set at about a 

right angle to the longitudinal axis of the shell. New Zea- 

land species with a single muscle/scar and a simple, 

oblique septum resemble the type species of Grandicre- 

pidula McLean, 1995 (Crepidula grandis Middendorf, 

1849, Boreal Pacific), and are referred there. Although 

Grandicrepidula was introduced as a subgenus of Cre- 

pidula, I prefer to allocate it equal rank as a genus beside 

Maoricrypta, pending cladistic analysis of a much wider 

range of taxa than are discussed here, ideally incorporat- 

ing molecular data. Incidentally, all nominal Australian 

crepiduliform species that I have examined have a single 

muscle/scar and thus evidently belong in Grandicrepi- 

dula, the exception being M. immersa (Angas, 1865), 

which has two muscle scars and thus probably belongs in 

Maoricrypta. 

The only crepiduliform species known to me from out- 

side the New Zealand region with two muscles/scars, oth- 

er than M. immersa, are Crepidula adunca G.B. Sowerby 

I, 1825, and C. norrisiarum Williamson, 1905, from the 

northeastern Pacific. Whether or not the extra muscle has 

been derived independently in these species remains to 

be established. Hoagland (1977) considered that the mus- 

cle/s beside the septal insertion (which attach the body to 

the shell roof) were novel structures that were not derived 

from the columellar muscle, remnants of- which are at- 

tached along the anterior edge of the septum (i.e., colu- 

mella) in some species. This remains to be demonstrated 

histologically. 

Note that Crepidula haliotoidea Marwick, 1926, is not 

a junior homonym of Crepidula holiotoidea [sic] G. Fi- 

scher, 1807 (lectotype designated by Ivanov & Kantor, 

1991), though as indicated by Ivanov et al. (1993), Fi- 

scher’s name is clearly misspelled in the original publi- 

cation (Fischer von Waldheim, 1807). Crepidula holioto- 

idea is clearly not referable to Crepidula, and is more 

likely to belong in Calyptraea (s. str.). 

Hoagland’s (1977:365) record of Crepidula aculeata 

(Gmelin, 1791) from New Zealand is obviously based on 

mislocalized material, as it certainly does not occur in the 

New Zealand region. 

Maoricrypta costata (G.B. Sowerby I, 1824) 

(Figures 1, 2, 11, 25, 26, 66) 

Crepidula costata Sowerby, 1824, no. 23, pl. 152, fig. 3; 

Reeve, 1842:29, pl. 143, fig. 3; Reeve, 1859a, Crepi- 

dula pl. 4, figs. 21a, b; Martens, 1873:28; Sowerby, 

1883:67, pl. 452, figs. 113, 114; Suter, 1913:287, pl. 44, 

figs. 6, 6a; Iredale, 1915:456; Hoagland, 1977:370; Beu 

& Maxwell, 1990:408; Bandel & Riedel, 1994:341. 

Crepidula costata Deshayes, 1830:26; Quoy & Gaimard, 
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1835:414, pl. 72, figs. 10-12; Deshayes & Milne-Ed- 

wards, 1836:644; Hoagland, 1983:2. (All not Sowerby, 

1824, nor Morton, 1829). 

Crypta costata.—Hutton, 1873a:32; Hutton, 1873b:14; Hut- 

ton, 1878:30; Hutton, 1880:87; Hutton, 1883:122, pl. 

14, fig. A. 

Crepidula (Crypta) aculeata.—Tryon, 1886:129 (in part not 

Gmelin, 1791), pl. 39, fig. 65 only. 

Crepidula aculeata.—Suter, 1904:79 (not Gmelin). 

Maoricrypta (Maoricrypta) costata.—Finlay, 1926:393; 

Powell, 1937:73, pl. 10, fig. 27; Powell, 1946:75, pl. 

10, fig. 27; Powell, 1957:99, pl. 10, fig. 27; Powell, 

1962:92, pl. 10, fig. 27; Powell, 1976:95, pl. 17, fig. 27; 

Powell, 1979:149, pl. 30, fig. 13. 

Crepidula (Maoricrypta) costata.—Wenz, 1940:904, fig. 

2661. 
Maoricrypta costata.—Pilkington, 1974:419. 

Description: Shell adequately described by Suter (1913: 

287), and Powell (1979:149). Radula (Figure 66) distinc- 

tive among New Zealand Maoricrypta species in having 

narrowly tapered terminal cusps on central and lateral 

teeth, and relatively large terminal cusps on each lateral 

tooth. 

Type data: Crepidula costata Sowerby: 3 ‘‘Probable syn- 

types” BMNH 1993118, the largest of which appears to 

be the original figured specimen. Crepidula costata De- 

shayes: 3 syntypes MNHN; “‘Nouvelle-Zélande.” 

Other material examined: Fossil—Castlecliff, Wanga- 

nui, 5 lots (NMNZ) from unspecified horizons, Middle 

Pleistocene (Castlecliffian); Ohope (W15/644519), shell- 

beds below old reservoir in stream at foot of Ohope- 

Whakatane road, 1970-1971, B. A. Marshall, Castleclif- 

fian (4, M.43129); Te Piki road cutting, between Whan- 

gaparaoa and Te Araroa (Y 14/561904), 1966-1969, B. A. 

Marshall, Late Pleistocene (Haweran) (3, M.40118). Re- 

cent—ca. 1500 specimens (114 lots NMNZ) from 

throughout the geographic and bathymetric range. 

Distribution (Figure 11): Middle Pleistocene (Castle- 

cliffian) to Recent. Cape Maria van Diemen to as far 

south as Mahia, North Island, New Zealand, living inter- 

tidally to 47 m. Dead shells from as deep as 74 m are 

probably due to post-mortem transport. 

Habitat: Attached to undersides of rocks and on living 

Perna canaliculus (Gmelin, 1791) (Mytilidae) at and be- 

low low tide level. Locally on bases of living Xenophora 

neozelanica Suter, 1908 (Xenophoridae), in some cases 

together with M. youngi. 

Remarks: This common, well known species is distinc- 

tive among Recent crepiduliform calyptraeids from the 

New Zealand region in its typically strongly radially 

ribbed shell, pale ribs, and deeply pigmented interspaces. 

The oldest specimens examined are from unspecified 

horizons of Middle Pleistocene age in the Wanganui sec- 

tion, with the earliest recorded occurrence (Fleming, 
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1953) in the Kaimatira Pumice Sand Formation, Wanga- 

nui (Middle Pleistocene). A good growth series from a 

Nukumaruan (Late Pliocene or Early Pleistocene) shell- 

bed (deposition depth almost certainly < 50 m) on the 

north bank of the Mangahao River, south of Mangahao, 

north Wairarapa (map reference NZMS260, T24/462805), 

apparently comprises two species, both with radially 

ribbed forms. The smaller of these species (M.151103, 

length up to 26 mm) resembles Recent M. costata in pro- 

toconch (Figure 28) and early teleoconch morphology, 

and ranges from markedly depressed to highly arched, the 

majority of specimens having an irregular surface, a few 

with distinct radial ribs. The largest specimen resembles 

typical Recent specimens of M. costata in overall shape. 

By comparison, in the larger species (M.42648, length up 

to 44.5 mm), the start of the first whorl of the protoconch 

(Figure 29) is more completely covered by the teleo- 

conch, more specimens are radially ribbed, all but one of 

the shells larger than 14 mm are highly arched (one mod- 

erately arched specimen 21 mm long), and the apex be- 

comes strongly offset to the right side as the shell en- 

larges. The smaller species seems likely to be an early 

form of M. costata. The larger, highly arched species 

clearly belongs to the form-group that includes the type 

material of M. haliotoidea, M. radiata (Hutton, 1873), M. 

wilckensi, M. turnialis, and M. opuraensis, the status of 

most or all of which will be difficult if not impossible to 

resolve until protoconchs are known (see remarks on M. 

youngi). Fleming (1953:209) recorded what is presum- 

ably the same highly arched species (as M. radiata) as 

having its last appearance at several localities in undif- 

ferentiated formations of the Kai-Iwi Group, overlying 

the Kaimatira Pumice Sand Formation (Middle Pleisto- 

cene), so it evidently went extinct during the Middle 

Pleistocene. Calyptraeids have an excellent fossil record 

in the Wanganui sequence (Fleming, 1953), though po- 

tentially highly fruitful analysis of the rich material al- 

ready available from there (NZGS) is beyond the scope 

of the present contribution. 

Maoricrypta costata has been recorded twice in the 

literature as occurring in Dunedin Harbour (Pilkington, 

1974; Bandel & Riedel, 1994), though I have been unable 

to acquire material from there for confirmation. Assuming 

these specimens were correctly identified (and there 

seems no reason to doubt this), the Dunedin population 

probably originated from the northern North Island 

through introduction attached to ship hulls. 

None of the specimens labeled as probable syntypes 

(BMNH) are strictly similar to the original illustration, 

though there is no reason to doubt that they are conspe- 

cific or syntypes. The largest of these specimens is closest 

to the original illustration, and was the one illustrated by 

Reeve (1859, pl. 4, figs. 21a, b). 

According to Martens (1873), this was the species re- 

corded from New Zealand as “‘La retorte cannelée” by J. 

& J. G. Favanne (1780:565), though the accompanying 
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illustration clearly does not represent any species occur- 

ring in the New Zealand region. Martens (1873) also stat- 

ed that Sigapatella novaezelandiae was recorded by the 

Favannes, but again none of the illustrations actually 

seems to represent it. 

Maoricrypta youngi Powell, 1940 

(Figures 3, 4, 7, 8, 9, 12, 27, 30, 70) 

Crypta contorta.—Hutton, 1873b:14 (not Quoy & Gaimard, 

1835: Wanganui record only). 

Maoricrypta youngi Powell, 1940:232, pl. 33, figs. 12, 13. 

Maoricrypta (Maoricrypta) youngi.—Powell, 1946:75; Pow- 

ell, 1979:149, pl. 30, figs. 11, 12. 

Crepidula youngi.—Hoagland, 1977:394. 

Crepidula profunda.—Beu & Maxwell, 1990:259 (in part 

not Hutton, 1873). 

Description: Shell up to 26 mm long, crepiduliform; 

shape extremely variable (depending on substratum), pro- 

file ranging from highly arched and laterally compressed, 

to weakly convex and broad, apertural plain ranging from 

more or less flat to concave from side to side or from end 

to end. Exterior color typically uniform pale yellowish 

brown, occasional specimens deep yellowish brown, 

some strongly pigmented specimens with color pattern of 

irregular radial lines. Protoconch 1.50—2.00 mm long, 

first 0.6 whorl more or less smooth, 1.00—1.10 mm long, 

exposed part of start 330=430 wm wide; succeeding pa- 

telliform part sculptured with fine, crowded radial 

grooves. Teleoconch surface texture irregular, variable, no 

definite sculpture though occasional specimens with 

sculpture approximately matching that of gastropods to 

which they are attached; typically weakly twisting to right 

with increasing growth. Septal rim broadly and evenly 

concave, more or less at right angle to longitudinal shell 

axis. Left and right shell muscle scars large, beside in- 

sertion points of septal rim. Radula (Figure 70) resem- 

bling that of M. costata in relatively large size of terminal 

cusps on central and lateral teeth, but differing in that 

secondary cusps on these teeth are relatively larger. 

Type data: Holotype Auckland Institute and Museum 

AK 70437; Cape Maria van Diemen, N North Island, 

New Zealand, beach. 

Other material examined: Fossil—‘‘Wanganui (U),”’ 
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Figure 11. Distribution of Maoricrypta costata (G. B. Sowerby 

I, 1824) off North Island, New Zealand (200 and 1000 m isobaths 

indicated). 

apparently the specimens identified by Hutton (1873b) as 

C. contorta (2, M.27324: personally removed from as- 

sociated wooden tablet with a type-set label “‘Crepidula 

crepidula L. (Suter, 1912). (Crypta contorta Q. & G. Hut- 

ton, 1873. Loc. Wanganui (U)”’ = Pleistocene. Recent— 

Several hundred specimens (56 lots NMNZ) from 

throughout the geographic and bathymetric range. 

Distribution (Figure 12): Pleistocene and Recent. Off 

North Island from northern Northland to Cook Strait, 

New Zealand, living at low tide (Castlepoint) and at 18— 

88 m. 

Habitat: Under peripheral keels of living Astraea heli- 

otropium (Martyn, 1784) (off Cape Reinga, 88 m, 

M.36032; Waimarama, Hawke Bay, 15 m, M.95208; off 

Rangitikei, 75 m, M.51620). On bases of living Xeno- 

Figures 1-10. Shells of Maoricrypta species. Figures 1, 2. Maoricrypta costata (G. B. Sowerby I, 1824), Bow- 

entown, Bay of Plenty, sublittoral, length 41.3 mm (M.40049). Figures 3, 4. Maoricrypta youngi Powell, 1940, 

Colville Channel, 44 m, length 16.6 mm (M.35435). Figures 5, 6. Maoricrypta profunda (Hutton, 1873), lectotype, 

length 31 mm (NZGS TM8223). Figure 7. M. youngi (length 16.2 mm) in situ on living Haliotis virginea Gmelin, 

1791, off Amodeo Bay, Coromandel Peninsula, 12-15 m (M.117792). Figure 8. M. youngi (length of larger indi- 

vidual 24.5 mm), in situ on base of living Xenophora neozelanica Suter, 1908, Colville Channel, 44 m (M.35435). 

Figure 9. M. youngi (length 20.5 mm) in situ behind apertural rim of living Maoricolpus roseus (Quoy & Gaimard, 

1834), off Cape Palliser, 73-183 m (M.9747). Figure 10. Maoricrypta monoxyla (Lesson, 1830) (length of largest 

individual 23.4 mm) in situ on living Turbo smaragdus Gmelin, 1791, Omokoroa, Tauranga Harbour (M.18671). 
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Figure 12. Distribution of Maoricrypta youngi Powell, 1940 off 

North Island, New Zealand (200 and 1000 m isobaths indicated). 

phora neozelanica Suter, 1908 (off Hen Island, 51-57 m, 

M.35393; Colville Channel, 44 m, M.35435). On parietal 

area of pagurid-inhabited shell of Penion sulcatus (La- 

marck, 1816) (off Bare Island, Napier, 13 m, C. Duffy 

and A. L. Stewart, M.110966). Beside outer lip rim of 

living Maoricolpus roseus (Quoy & Gaimard, 1834) (off 

Karaka Bay, Wellington, 18 m, M.44147; off Cape Pal- 

liser, 73-183 m, M.9747). On exterior of pagurid-inhab- 

ited shell of Charonia lampas (Linnaeus, 1758) (off Ma- 

hia Peninsula, 55 m, D. W. Gibbs, M.117767). On spire 

of living Turbo smaragdus Gmelin, 1791 (Castlepoint, 

below lighthouse, rock pool, low tide, J. L. Raven, 

M.152694). On last half whorl of living adult Calliostoma 

(Maurea) granti (Powell, 1931) (off Pania Reef, Napier, 

12 m, D. W. Gibbs, M.117791). 

Remarks: Maoricrypta youngi is closely similar to M. 

monoxyla in teleoconch morphology, but is immediately 

distinguishable by the brownish rather than white shell, 

the whitish instead of yellow animal, and the more 

strongly convex protoconch. Compared with pale, weakly 

sculptured forms of M. costata (with which it may occur 

on Xenophora neozelanica for example), M. youngi dif- 

fers in having a more paucispiral protoconch, which is at 

first smooth then crisply radially striate, and the start of 

the first whorl of which is considerably broader (width of 

exposed part 330—430 wm, versus 230—270 jzm) and part- 

ly immersed in the teleoconch. 

Maoricrypta youngi 1s locally common as dead shells 

in Wellington Harbour sediments (e.g., dredge spoils from 

Falcon Shoal, off Karaka Bay, M.15633), where, judging 

from aperture shape, they lived on shells of the gregarious 

turritellid gastropod Maoricolpus roseus, which occurs 

with them. The only specimens taken alive from Wel- 

lington Harbour and Cook Strait were attached outside 

and close to the apertural rims of living M. roseus (Figure 

9). 
Beu & Maxwell (1990:259) suggested that M. youngi 

may be a synonym of M. profunda (Hutton, 1873), but 

they are certainly specifically distinct, the start of the pro- 

toconch of the lectotype of M. profunda (Figures 5, 6) 

being considerably narrower than any Recent specimen 

of M. youngi (width 130 wm, as against 330—430 pm). 

The lectotype of Crypta profunda (NZGS TM 8223, for- 

merly NMNZ M.1634)—here designated to ensure sta- 

bility should other, potentially specifically distinct syn- 

types be recognized—has well defined left and right mus- 

cle scars beside the septal insertion, and clearly belongs 

in Maoricrypta rather than Grandicrepidula. It was rela- 

beled (by R. K. Dell about 1948) “Shakespeare Cliff” 

and “‘holotype,’’ presumably copied from a label on the 

tablet (no longer extant) to which it had been gummed, 

presumably during curation by Suter in 1912, who may 

have guessed at the locality (dimensions are closely ac- 

cordant with those originally given). When introducing 

C. profunda, Hutton (1873b) recorded as localities 

‘Shakespeare Cliff; Awatere; Motanau (L); Patea; Wai- 

totara; Paparoa, Upper Wanganui; Broken River (U),” 

and characteristically failed to mention a type specimen 

or where it was from. The cited localities range in age 

from Early Miocene to Pleistocene. Unfortunately, in cit- 

ing only ““Wanganui, Petane, Matapiro”’ (Late Pliocene— 

Pleistocene) for C. monoxyla (with C. profunda as a syn- 

onym), Hutton (1893) offered no clue by elimination, 

since material from older horizons was not covered in 

this particular publication. Judging from the associated 

matrix of soft, fine, grey sand, the lectotype is unlikely 

to have come from Broken River (Early Miocene), and 

seems more likely to have originated from a Pliocene or 

Pleistocene horizon. There is nothing precisely like it 

among any of the Nukumaruan or Castlecliffian material 

examined, so it seems unlikely to be younger than Early 

Pleistocene. As a matter of fact, the matrix is closely 

similar to that at Waihi Beach, Hawera (i.e., part of the 

generalistic “‘Waitotara’” of Hutton = Waipipian: Late 

Pliocene), as is the state of preservation, so there seems 

a good possibility that the lectotype is a subadult of the 

large, smooth species that is common there, which has 

been identified as M. wilckensi (Finlay, 1924) (Laws, 

1940). 

Maoricrypta monoxyla (Lesson, 1830) 

(Eiguress OMI l95 20h 355.07) 

Calyptraea (Crepidula) monoxyla Lesson, 1830:391. 

Crepidula contorta Quoy & Gaimard, 1835:418, pl. 72, figs. 
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15, 16; Deshayes & Milne-Edwards, 1836:645; Mar- 

tens, 1873:28; Hoagland, 1983:2. 

Crypta contorta.—Hutton, 1873a:32. 

Crypta monoxyla.—Hutton, 1880:87; Hutton, 1883:122, pl. 

14, fig. B. 

Crypta unguiformis.—Hutton, 1878:30 (not Lamarck, 1822). 

Crepidula monoxyla.—Martens, 1873:28; Tryon, 1886:128, 

pl. 37, figs. 35, 36; Suter, 1904:79; Smith, 1915:81 (in 
part = M. sodalis); Hoagland, 1977:382, fig. 14 (in part 

= M. sodalis). 

Crepidula crepidula.—Suter, 1904 (not Linnaeus, 1767):79; 

Suter, 1913:286, pl. 44, figs. 5, 5a (not Linnaeus, in part 

= M. sodalis); Oliver, 1923:529 (not Linnaeus). 

Crepidula (Zeacrypta) monoxyla.—Thiele, 1929:249; Wenz, 

1940:904, fig. 2663; Powell, 1979:149 (in part = M. 

sodalis). 
Maoricrypta monoxyla.—Morton & Millar, 1968, pl. 17, 

figs. 7, 7a; Walsby & Morton, 1982:61. 

Calyptraea monoxyla.—Hoagland, 1983:4. 

NOT Crepidula monoxyla.—Harris, 1897:246. 

NOT Maoricrypta monoxyla.—Pilkington, 1974:421, figs. 

6A-D (= M. sodalis). 

NOT Crepidula monoxyla.—Eales, 1923:16, figs. 14, 15 (= 

M. sodalis); Bandel & Riedel, 1994:342 (= M. sodalis). 

Description: Shell up to 29 mm long, rather thin, dirty 

white externally, porcellaneous white internally, apertural 

contour variable (matching substratum: exteriors of living 

helically coiled gastropod shells and mytilid bivalves), 

externally moderately to strongly convex. Periostracum 

thin, smooth, translucent, smooth. Protoconch depressed- 

patelliform, ovate, 2.5-3.3 mm long, smooth until about 

500 pm long, thereafter strongly radially striate; bilater- 

ally strongly symmetrical apart from small, deeply im- 

mersed apical fold. Septum externally broadly convex, 

rim broadly and rather evenly concave. Muscle scars 

large, subcircular. Teleoconch with fine, crowded, irreg- 

ular, collabral wrinkles, otherwise no definite sculpture. 

Animal yellow. Radula (Figure 67) similar to that of M. 

costata though smaller and with a relatively much smaller 

terminal cusp on each lateral tooth. 

Type data: Calyptraea monoxyla: lectotype (this and the 

following here selected to stabilize the concept of the 

species in case additional, non-conspecific syntypes are 

discovered) and paralectotype MNHN; Bay of Islands, N 

North Island, New Zealand (Figures 17, 19). Crepidula 

contorta: \lectotype (here selected) and paralectotype 

MNHN; Bay of Islands (Figure 20). 

Other material examined: Parengarenga Harbour, alive 

on Turbo smaragdus Gmelin, 1791, intertidal mudflats, 

29 November 1916, W. R. B. Oliver (7, M.16444); off 

Akatarere Point, Parengarenga Harbour, 4 m, 21 February 

1974, R.V. Acheron (2, M.41308); Pukenui wharf, Hou- 

hora Harbour, alive, intertidal mudflats, 27 April 1961, 

W. FE Ponder (4, M.45071); Manawara Bay, Bay of Is- 

lands, 2-6 m, 27 November 1971, M.V. Kokinga (9, 

M.40951); Orakawa Bay, Bay of Islands, 4-6 m, 27 No- 

vember 1971, M.V. Kokinga (2, M.154906); Long Beach, 

Russell, Bay of Islands, alive on 7. smaragdus Gmelin, 
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1791, intertidal rocks, 8 December 1911, W. R. B. Oliver 

(10, M.16438); Oke Bay, Bay of Islands, alive on inter- 

tidal 7. smaragdus, 29 November 1971, R. K. Dell (1, 

M.42086); Reef Point, Ahipara, alive, intertidal, 24 April 

1967, W. FE Ponder (4, M.151210); Reotahi, Whangarei 

Heads, ex M. Holloway & A. G. Stevenson colln (4, 

M.90491); Army Bay, Whangaparoa, alive on intertidal 

T. smaragdus, 13 December 1966, W. F Ponder (2, 

M.45009); Port Fitzroy, Great Barrier Island, alive on in- 

tertidal Perna canaliculus (Gmelin, 1791), 10 December 

1916, W. R. B. Oliver (1, M.16445); Westmere Reef, 

Auckland, 14 October 1966, W. FE Ponder (1, M.151208); 

Narrow Neck Reef, Auckland, alive on 7. smaragdus, 7 

March 1962, W. FE Ponder (2, M.154989); Takapuna Reef, 

Auckland, alive, intertidal, 7 November 1912, W. R. B. 

Oliver (8, M.16439); Ponsonby Reef, Auckland, alive, in- 

tertidal, 23 August 1914, W. R. B. Oliver (2, 16443); 

Ponsonby Reef, alive on Perna canaliculus from rocks 

near low tide, 20 April 1912 and 12 October 1912, W. R. 

B. Oliver (many, M.16450, M.15626); Point Chavalier, 

Auckland, alive, intertidal, M. Holloway & A. G. Ste- 

venson colln (16, M.90493); Tarakihi Island, Waiheke Is- 

land, alive, intertidal, 2 January 1916, W. R. B. Oliver 

(24, M.16448); Te Puru, Coromandel, beach, September 

1958, W. FE Ponder (30, M.18685); off Happy Jack Island, 

Coromandel, alive on Buccinulum linea (Martyn, 1784) 

and B. vittatum (Quoy & Gaimard, 1833), 12-15 m, 

March 1993, D. W. Gibbs (6, M.117795); off Gannet 

Rock, Motuwhao Islands, Coromandel, alive on Haliotis 

virginea Gmelin, 1791, Buccinulum linea, and B. vitta- 

tum, 12-15 m, March 1993, D. W. Gibbs (10, M.117792); 

Tauranga Harbour, alive on T. smaragdus, intertidal mud- 

flats, 25 August 1920, W. R. B. Oliver (17, M.16447); 

Otumoetai, Tauranga Harbour, alive on T. smaragdus, in- 

tertidal mudflats, 6 April 1995, B. A. Marshall & N. J. 

Peterson (7, M.119589); Omokoroa, Tauranga Harbour, 

alive on intertidal 7. smaragdus, 31 May 1958, W. FE Pon- 

der (30, M.18671); Sulphur Point, Tauranga Harbour, 10 

May 1906, W. R. B. Oliver (3, M.16440); W side of Oku- 

rei Point, Maketu, alive on 7. smaragdus, intertidal rocks, 

3 March 1996, B. A. Marshall & N. J. Peterson (5, 

M.130244); Ohiwa Harbour, alive on 7. smaragdus, in- 

tertidal mudflats, April 1967, B. A. Marshall (7, 

M.40069); Otamaroa, Cape Runaway, alive, intertidal, 8 

November 1977, B. A. Marshall (2, M.113581). 

Distribution: Northern North Island, as far south as Cape 

Runaway, New Zealand, taken alive intertidally to 15 m. 

Habitat: Living on external surfaces of live Turbo smar- 

agdus (Turbinidae), Buccinulum linea and B. vittatum 

(Buccinidae), and Perna canaliculus (Mytilidae). Maori- 

crypta monoxyla is (or at least was) locally abundant in 

the Auckland area: a specimen of Perna canaliculus, 107 

mm long, collected at low tide from Ponsonby Reef, 

Auckland Harbour, in 1912, was almost completely cov- 

ered with limpets at all stages of growth (M.16450)—see 
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reference to this by Oliver (1923, p. 529, as Crepidula 

crepidula). 

Remarks: Maoricrypta monoxyla traditionally has been 

interpreted as a species that lives both inside gastropod 

shells occupied by pagurid crustaceans, and outside living 

gastropods and bivalves. It transpires that there are three 

white, more or less smooth-shelled species with superfi- 

cially similar protoconchs living in association with other 

mollusks in the New Zealand region, which are charac- 

terized by protoconch size and sculpture, animal pigmen- 

tation, and habitat. The type specimens of C. monoxyla 

(and its synonym C. contorta) represent a species with a 

yellow animal and a strongly sculptured protoconch that 

consistently lives on the outside of shells of living gas- 

tropods and mussels, intertidally to about 15 m depth off 

the northern North Island. Although habitat of these type 

specimens was not recorded, shell morphology is char- 

acteristic of specimens living intertidally on Turbo smar- 

agdus (Figure 10). The two other species, which typically 

live within the apertures of helically coiled gastropod 

shells occupied by pagurids (never recorded associated 

with living mollusks), have whitish animals, more weakly 

convex or externally concave shells, and more weakly 

sculptured protoconchs. The common, widely distributed 

species traditionally interpreted as typical M. monoxyla 

(described herein as M. sodalis), lives intertidally to 925 

m, and occurs sympatrically both with M. monoxyla and 

a third species (M. kopua), which occurs living off the 

Three Kings Islands and the northeastern North Island at 

78—400 m depth. 

Maoricrypta monoxyla has direct development and 

broods its young. 

The specimens used by Nelson & Morton (1979) for 

study of cyclical activity and epithelia renewal in the di- 

gestive gland tubules were recorded as having been col- 

lected intertidally associated with Turbo smaragdus, so 

evidently represent VM. monoxyla rather than M. sodalis. 

Maoricrypta sodalis Marshall, sp. nov. 

(Figures 13, 14, 32, 33, 36, 68) 

Crypta (lanacus) unguiformis.—Hutton, 1873a:32 (not La- 

marck, 1822). 

Crypta unguiformis.—Hutton, 1880:87 (not Lamarck). 

Crypta Ulanacus) unguiformis.—Harris, 1897:248 (not La- 

marck). 
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Crepidula monoxyla.—Eales, 1923:16, figs. 14, 15 (not Les- 

son, 1830); Bandel & Riedel, 1994:342 (not Lesson). 

Maoricrypta (Zeacrypta) monoxyla.—Finlay, 1926:393 (not 

Lesson); Powell, 1937:73, pl. 10, fig. 26 (not Lesson); 

Powell, 1946:75, pl. 10, fig. 26 (not Lesson); Powell, 

1957:99, pl. 10, fig. 26 (not Lesson); Powell, 1962:92, 

pl. 10, fig. 26 (not Lesson); Powell, 1976:95, pl. 17, fig. 

26 (not Lesson); Powell, 1979:149 (in part), pl. 30, fig. 

14. 

Crepidula monoxyla.—Smith, 1915:81 (in part); Hoagland, 

1977:382, fig. 14 (in part). 

Crepidula crepidula.—Suter, 1913:286, pl. 44, figs. 5, 5a 

(not Linnaeus, in part = M. monoxyla). 

Crepidula (Zeacrypta) monoxyla.—Powell, 1979:149 (in 

part). 

Maoricrypta monoxyla.—Pilkington, 1974:421, figs. 6A—D 

(not Lesson). 

Diagnosis: Shell depressed, smooth, white; septal rim 

simple, at right angle to longitudinal axis, left and right 

muscles/scars beside insertion; protoconch 2.8-3.9 mm 

long, crisply striate. Animal white. 

Description: Shell up to 37 mm long, rather thin, uniform 

white, exterior dull, interior glossy, shape variable 

(matching substratum: typically interiors of helically 

coiled gastropod shells occupied by pagurid crustaceans), 

externally concave or weakly convex. Periostracum thin, 

smooth, translucent, pale buff, essentially smooth. Pro- 

toconch strongly depressed-patelliform, ovate, 2.8-3.9 

mm long, smooth until about 1 mm long, thereafter finely 

and crisply radially striate; bilaterally strongly symmet- 

rical apart from small, deeply immersed apical fold. Sep- 

tum externally weakly to rather strongly convex, rim 

broadly and rather evenly concave. Muscle scars large, 

subcircular. Teleoconch with fine, crowded, irregular, col- 

labral wrinkles, otherwise without definite sculpture. An- 

imal whitish, translucent. Anatomy (Eales, 1923:16—as 

Crepidula monoxyla). Radula (Figure 68) similar to that 

of M. monoxyla. 

Type data: Holotype NMNZ M.155092, and paratypes 

(6, M137270); 36°06.9'S, 174°38.7’E, off Bream Tail, N 

North Island, New Zealand, alive within apertures of gas- 

tropod shells occupied by pagurids, 30 m, 25 February 

1997, E V. Ben Gunn. Paratypes: 35°53.6’S, 174°33.7’E, 

Bream Bay, alive, 22 m, 24 February 1997, F V. Ben 

Gunn (4, M.137210); 36°02.4'S, 174°34.7’E, Bream Bay, 

alive, 16 m, 24 February 1997, E V. Ben Gunn (2, 

M.137275); 36°10.1'S, 174°41.9'E, off Te Arai Point, 

Figures 13-24. Shells of Maoricrypta and Grandicrepidula species. Figures 13, 14. Maoricrypta sodalis Marshall, 

sp. nov., holotype, off Te Arai Point, Northland, length 23.4 mm (M.155092). Figures 15, 16. Maoricrypta kopua 

Marshall, sp. nov., holotype, off Great Barrier Island, 318 m, length 23.7 mm (M.154760). Figures 17, 19. Maor- 

icrypta monoxyla (Lesson, 1830), lectotype, Bay of Islands, length 24 mm (MNHN). Figure 20. Maoricrypta 

monoxyla: lectotype of Crepidula contorta Quoy & Gaimard, 1835 (a junior synonym), Bay of Islands, length 19.3 

mm (MNHN). Figures 18, 21, 22-24. Grandicrepidula collinae Marshall sp. nov., holotype, E of Poor Knights 

Islands, 183-201 m, length 31.8 mm (M.154157). Scale bars = 500 wm. 
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alive, 41 m, 25 February 1997, E V. Ben Gunn (14, 

M.137257); 36°12.2’S, 174°44.7'E, off Te Arai Point, 

alive, 39 m, 25 February 1997, E V. Ben Gunn (5, 

M.137289); 36°12.7'S, 174°45.3'E, off Te Arai Point, 

alive, 37 m, 25 February 1997, E V. Ben Gunn (20, 

M.137300); 36°13.5’S, 174°45.0’E, off Te Arai Point, 

alive, 32 m, 25 February 1997, E V. Ben Gunn (10, 

M.137307); 36°13.9'S, 174°44.5’E, off Te Arai Point, 

alive, 18 m, 25 February 1997, EF V. Ben Gunn (5, 

M.137318); 37°34.9'S, 177°54.7'E, off Cape Runaway, 

27-72 m, R.V. James Cook, 3 November 1979 (30, 

M.65233). 

Other material examined: Fossi/—Landguard Bluff, 

Wanganui, 24 January 1909, W. R. B. Oliver, Late Pleis- 

tocene (Haweran) (1, M.16411); Te Piki road cutting, be- 

tween Whangaparaoa and Te Araroa (Y14/561904), 

1966-1969, B. A. Marshall, Haweran (4, M.40114). Re- 

cent—> 1000 specimens (194 lots, NMNZ) from 

throughout the geographic and bathymetric range. 

Distribution (Figure 36): Late Pleistocene (Haweran) to 

Recent. North, South, Stewart, and Snares islands, New 

Zealand, living intertidally to 925 m. 

Habitat: Typically within apertures of helically coiled 

gastropod shells occupied by pagurids. 

Remarks: Maoricrypta sodalis is one of the most com- 

mon and widely distributed calyptraeids in New Zealand, 

and has the greatest bathymetric range. As indicated 

above, M. sodalis has long been interpreted as part of the 

variation of M. monoxyla, which it resembles in proto- 

conch morphology and in having a white shell, but differs 

constantly in having a larger, more weakly radially striate 

protoconch, a flatter or externally concave teleoconch, 

and a whitish instead of yellow animal. 

Maoricrypa sodalis and the species described below 

are strongly convergent on the North American species 

Crepidula plana Say, 1822, C. depressa Say, 1822, and 

C. atrasolea Collin, 2000, in teleoconch morphology and 

habitat (Collin, 2000b). Development is direct (Pilking- 

ton, 1974). 

Etymology: Companion (Latin). 
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Figure 35. Distribution of Maoricrypta monoxyla (Lesson, 

1830) off North Island, New Zealand (200 and 1000 m isobaths 

indicated). 

Maoricrypta kopua Marshall, sp. nov. 

(Figures 15, 16, 34, 64, 69) 

Diagnosis: Shell depressed, smooth, white; septal rim 

simple, at right angle to longitudinal axis, left and right 

muscles/scars beside insertion; protoconch 3.9-5.0 mm 

long, weakly striate or smooth. Animal white. 

Description: Shell up to 28 mm long, rather thin, uniform 

white, exterior dull, interior glossy, shape variable 

(matching substratum: interior of apertures of helically 

coiled gastropod shells occupied by pagurid crustaceans), 

typically externally weakly convex. Periostracum thin, 

smooth, pale buff, essentially smooth. Protoconch de- 

pressed-patelliform, ovate, 3.9—5.00 mm long, weakly ra- 

dial striate or almost smooth, bilaterally strongly sym- 

Figures 25—34. Protoconchs of Maoricrypta species. Figures 25, 26. Maoricrypta costata (G. B. Sowerby I, 1824), 

Oke Bay, Bay of Islands, 4-6 m (M.39572). Figures 27, 30. Maoricrypta youngi Powell, 1940, Colville Channel, 

44 m (M.35435). Figure 28. Maoricrypta sp. cf. costata, protoconch, bank of Mangahao River, S of Mangahao, 

Late Pliocene or Early Pleistocene (Nukumaruan) (M.151103). Figure 29. Maoricrypta sp. aff. costata, protoconch, 

bank of Mangahao River, S of Mangahao, Late Pliocene or Early Pleistocene (Nukumaruan) (M.42648). Figure 31. 

Maoricrypta monoxyla (Lesson, 1830), protoconch, Tauranga Harbour, intertidal (M.18671). Figure 32. Maoricrypta 

sodalis Marshall, sp. nov., protoconch, Manukau Harbour, intertidal (M.45038). Figure 33. Maoricrypta sodalis, 

protoconch, off Motuhora Island, 72-84 m (M.60600). Figure 34. Maoricrypta kopua Marshall, sp. nov., protoconch, 

N of Three Kings Islands, 128 m (M.151221). Scale bars 25-30 = 200 fxm, others = 500 pm. 
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Figure 36. Distribution of Maoricrypta sodalis Marshall, sp. 

nov., off New Zealand (200 and 1000 m isobaths indicated). 

metrical apart from small, deeply immersed apical fold. 

Septum externally broadly convex, rim broadly and rather 

evenly concave, produced anteriorly farther on left side 

than on right. Muscle scars large, subcircular. Teleoconch 

with fine, crowded, irregular, collabral wrinkles, other- 

wise no definite sculpture. Animal whitish, translucent. 

Radula (Figure 69) similar to those of M@. monoxyla and 

M. sodalis. 

Type data: Holotype M.154760 and 2 paratypes 

M.118983, 36°13.8'S, 176°11.6'E, E of Great Barrier Is- 

land, N North Island, New Zealand, alive, 318 m, 6 Jan- 

uary 1995, ER.V. Kaharoa. Paratypes: 35°33’S, 

174°57'E, E of Poor Knights Islands, alive inside aperture 

of pagurid-occupied gastropod shell, 201-183 m, 14 Feb- 

ruary 1974, R.V. Acheron (3, M.35376); 37°00.95'S, 
176°13.99’E, off The Aldermen, alive, 289-292 m, 10 

April 1996, ER.V. Kaharoa (2, M.134083); off Mayor 

{sland, alive, 350-400 m, 1991, scampi trawls (3, 

M.116974). 

Other material examined: 33°57.0'S, 171°45.4’E, Mid- 

dlesex Bank, NW of Three Kings Islands, 98-103 m, 31 
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January 1981, R.V. Tangaroa (2, M.151218); 33°57.0'S, 

172°19.0'E, King Bank, N of Three Kings Islands, alive, 

128 m, | February 1981, R.V. Tangaroa (5, M.151221); 

33°57.4'S, 172°19.4’E, King Bank, 128-123 m, 1 Feb- 

ruary 1981, R.V. Tangaroa (5, M.151205); 33°58.0’S, 

172°30.6'E, 37 km NE of Great Island, Three Kings Is- 

lands, 550 m, 25 June 1978, R.V. Tangaroa (1, 

M.151196); 33°59.9'S, 171°45.3’E, Middlesex Bank, 

186-196 m, 31 January 1981, R.V. Tangaroa (2, 

M.112787); 34°00’S, 171°55’E, Three Kings Trough, 805 

m, 15 July 1962, R.N.Z.EA. Tui (1, M.20816); 34°0O1’S, 

172°07'E, N of Three Kings Islands, 622 m, 18 February 

1974, R.V. Acheron (1, M.34820); 34°01.2'S, 171°44.4’E, 

Middlesex Bank, 206-211 m, 31 January 1981, R.V. Tan- 

garoa (3, M.151199); 34°01.4'S, 171°45.2’E, Middlesex 

Bank, 201-216 m, 31 January 1981, R.V. Tangaroa (1, 

M.151197); 34°02.0’S, 171°44.0'E, Middlesex Bank, 

246-291 m, 31 January 1981, R.V. Tangaroa (5, 

M.151215); 34°02.1'S, 171°45.8'E, Middlesex Bank, 

221-206 m, 31 January 1981, R.V. Tangaroa (4, 

M.151220); Southeast Bay, Great Island, Three Kings Is- 

lands, 23 m (possibly dropped from crayfishing boat), 16 

February 1986, scuba, E J. Brook (2, M.109397); 

34°05.0’S, 172°24.6'E, 22 km ENE of Great Island, 200 

m, 24 June 1978, R.V. Tangaroa (1, M.93432); 34°10’S, 

172°12'E, off Three Kings Islands, 252 m, 19 February 

1974, R.V. Acheron (1, M.34092); 34°13.0'S, 172°11.5’E, 

off Three Kings Islands, 256 m, 19 February 1974, R.V. 

Acheron (1, M.35277); 34°01.8'S, 172°12.0’E, 13 km N 

of Great Island, 508 m, 23 June 1978, R.V. Tangaroa (2, 

M.151202); 34°14.8'S, 172°13.6’E, SE of Great Island, 

173-178 m, 2 February 1981, R.V. Tangaroa (2, 

M.151201); 34°20.0'S, 172°30.0'E, 20 km NW of Cape 

Maria van Diemen, 100 m, 20 June 1978, R.V. Tangaroa 

(1, M.151200); 34°25.0’S, 172°27.8’E, NW of Cape Rein- 

ga, alive, 78 m, 2 February 1981, R.V. Tangaroa (1, 

M.154756); 37°32.8'S, 178°48.7’E, Ranfurly Bank, East 

Cape, 94 m, 17 January 1979, R.V. Tangaroa (2, 

M.60719); 37°33.1'S, 178°49.5’E, Ranfurly Bank, 94-89 

m, 25 January 1979, R.V. Tangaroa (5, M.71488); 

37°33.4'S, 178°48.3’E, Ranfurly Bank, 106-103 m, 25 

January 1979, R.V. Tangaroa (4, M.71717); 37°38.5’S, 

178°56.4'E, SE slope of Ranfurly Bank, 153-143 m, 22 

January 1981, R.V. Tangaroa (5, M.151193). 

Distribution (Figure 64): Three Kings Islands and north- 

eastern North Island as far south as East Cape (33°57’S— 

37°38.5'S), New Zealand, 78-805 m; taken alive at 78— 

400 m (2 shells from 23 m in Southeast Bay, Three Kings 

Islands may well have been washed from crayfishing 

boats sheltering there, and it remains to be established 

whether or not M. kopua actually ranges this shallow). 

Living within apertures of pagurid-inhabited, helically 

coiled gastropod shells. 

Remarks: Maoricrypta kopua differs constantly from M. 

monoxyla and M. sodalis in having a larger protoconch 
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(length 3.90—5.00 mm, versus 2.5—3.3 mm and 2.80—3.90 

mm, respectively), which is more weakly striate or 

smooth. Like M. sodalis, which also lives within aper- 

tures of gastropod shells occupied by pagurids, M. kopua 

differs further from M. monoxyla in having a more weak- 

ly convex teleoconch and a whitish rather than yellow 

animal. Maoricrypta kopua differs from the southern 

Australian species M. immersa in being consistently uni- 

form white rather than brownish, in having larger muscle 

scars, and in having a more strongly convex protoconch. 

Maoricrypta kopua and M. sodalis are both sympatric 

and syntopic, although the two species have been taken 

living together at only one station (off Cape Reinga, 78 

m, M.154756, M.151204). 

Judging from the large size of the protoconch, larval 

development is direct as in M. monoxyla and M. sodalis. 

Etymology: Deep water (Maori). 

Genus Grandicrepidula McLean, 1995 

Grandicrepidula McLean, 1995:80. Type species (by origi- 

nal designation): Crepidula grandis Middendorf, 1849, 

Recent, boreal Pacific. 

Diagnosis: Shell slipper-shaped, large muscle scar beside 

rim of septal insertion on right side; septal rim oblique 

relative to longitudinal axis of shell. 

Remarks: McLean (1995) introduced Grandicrepidula as 

a subgenus of Crepidula for species with a single muscle/ 

scar (absent in Crepidula). Since there is currently no 

evidence of degree of relatedness, it seems preferable to 

treat them as distinct genera pending cladistic analysis of 

the group, as suggested above. 

Grandicrepidula collinae Marshall, sp. nov. 

(Figures 18, 21, 22—24, 65, 71) 

Crepidula sp. Spencer et al. (in prep.). 

Diagnosis: Shell arched, smooth, white or axially banded; 

septal rim simple, oblique relative to longitudinal axis, 

only right muscle/scar beside insertion; protoconch 4.0— 

5.6 mm long. 

Description: Shell up to 48.5 mm long, rather thin, 

glossy, strongly convex, strongly oblique, left side of 

shell compressed, aperture ovate, apertural plain typically 

twisted in propeller shape (due to common life position 

on convex outer surface of outer lips, obliquely relative 

to generating curve, of fusiform gastropods). Exterior 

uniform white, or white with fine yellowish brown radial 

lines; interior porcellanous white. Periostracum thin, 

smooth, pale buff. Protoconch cap-shaped, without coil- 

ing suture, smooth apart from fine collabral growth lines, 

merging almost imperceptibly into teleoconch, of less 

than half a whorl, 4.0-5.6 mm long (development direct, 

young brooded). Beak small, appressed to adult margin, 
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gently inclined to right. Septum deeply inserted, simple, 

more or less planar, produced anteriorly farther on left 

side than on right. Muscle scar large, ovate, on right and 

mostly in front of rim of septum. Teleoconch sculptured 

with fine collabral growth lines only. Radula: (Figure 71) 

Central tooth small, subquadrate, cutting area triangular, 

terminal cusp large, two or three small secondary cusps 

either side. Lateral teeth broad, cutting area broadly an- 

gulate, terminal cusp large, four to six outer and zero to 

three (typically two) inner secondary cusps. Marginal 

teeth slender, terminal cusp large, five or six small, slen- 

der secondary cusps on inner edge. 

Type data: Holotype NMNZ M.154157 and 4 paratypes 

M.35050; 35°33’S. 174°57’E, off Poor Knights Islands, N 

North Island, New Zealand, 201-183 m, 14 February 

1974, R.V. Acheron, alive (brooding) behind outer lip rim 

of pagurid-inhabited shell of Alcithoe larochei Marwick, 

1926 (M.35369). Paratypes: 34°49’S, 174°17'E, off 

Whangaroa, 468-475 m, 24 February 1974, R.V. Acher- 

on, alive on inner lip of pagurid-inhabited shell of Al- 

cithoe larochei (1, M.33629 on M.33628); 35°33.0’S, 

175°12.0'E, off Poor Knights Islands, alive, 390 m, 3 July 

1995, EV. Albatross, D. Wrightson (1, M.126985); 

36°28.7'S, 173°43.8'E, off Kaipara Harbour, 547-587 m, 

12 January 1981, R.V. Tangaroa, alive behind outer lip 

rim of live Penion sp. cf. ormesi (Powell, 1927) (1, 

M.74633 on M.74632); 37°00.95’S, 176°13.99’E, off Al- 

dermen Islands, alive, 289-292 m, 10 April 1996, F R.V. 

Kaharoa (2, M.134084); N of Mayor Island, 380—420 m, 

December 1987, E V. Trinity, alive behind outer lip rim 

of pagurid-inhabited shell of Alcithoe larochei (2, 

M.90205); 37°35.31'S, 176° 43.07’E, E of Motiti Island, 

433 m, 15 January 1995, EF R.V. Kaharoa, alive behind 

outer lip rim of pagurid-inhabited shell of Alcithoe lar- 

ochei (8, M.119046 on M.119044); 37°40.22'S, 

177°14.65'E, S of White Island, 205 m, 16 January 1995, 

ER.V. Kaharoa, alive behind outer lip rim of pagurid- 

inhabited shell of Penion cuvierianus (Powell, 1927) (3, 

M.119029 on M.119028); 38°08.86'S, 178°45.75’E, off 

Waipiro Bay, S of East Cape, 211 m, 28 January 1995, 

ER.V. Kaharoa, alive behind outer lip rim of pagurid- 

inhabited shell of Penion cuvierianus (4, M.119083 on 

M.119081); 39°29.8'S, 178°10.8'E, E of Cape Kidnap- 

pers, 529-568 m, 15 April 1981, E R.V. James Cook, 

alive behind outer lip rim of live Alcithoe lutea (Watson, 

1882) (3, M.71976 on M.71977); 39°40.2'S, 177°48.8'E, 

off Cape Kidnappers, alive, 393 m, 28 February 1998, K. 

Brady (2, M.147008); 41°50’S, 170°29'E, off Cape Foul- 

wind, 470 m, 23 July 1990, E V. Tampen, alive behind 

outer lip rim of live Alcithoe larochei (2, M.117650 on 

M.117649); 42°27’S, 170°36’E, off Greymouth, 366 m, 

23 November 1970, E R.V. James Cook, alive behind 

outer lip rim of pagurid-inhabited shell of Semicassis py- 

rum (Lamarck, 1822) (1, M.30773 on M.30771); trawled 

off Bruce Bay, Westland, 300 m, 10 October 1977, alive 
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(2, NZGS TM8224); 48°49'S, 167°27’E, SE of The 

Snares, 560 m, November 1987, E V. Chiyo Maru 5, alive 

behind outer lip of pagurid-inhabited shell of Penion ben- 

thicola (Dell, 1956) (2, M.95188 on M.95190). 

Other material examined: 35°33'S, 174°57’E, off Poor 

Knights Islands, 201-183 m, 14 February 1974, R.V. 

Acheron, live juveniles (mostly brooded) with holotype 

and associated paratypes from behind outer lip rim of 

pagurid-inhabited shell of Alcithoe larochei (12, M.35374 

on M.35369); 35°35.2'S, 175°45.6’E, Barrier Bank, NE 

of Great Barrier Island, 329-327 m, 25 January 1981, 

R.V. Tangaroa, empty shell (1, M.72069); 37°14.6'S, 

176°51.0'E, Rangatira Knoll, NW of White Island, 407— 

162 m, 23 January 1981, R.V. Tangaroa, empty shell (1, 

M.74597); 37°00.8'S, 176°12.3'E, SE of Aldermen Is- 

land, alive, 178-248 m, 23 January 1979, R.V. Tangaroa 

(3, M.66657); 37°33.8'S, 176°59.0'E, Rungapapa Knoll, 

W of White Island, 188—228 m, 20 January 1979, R.V. 

Tangaroa, empty shell (1, M.64851). 

Distribution (Figure 65): Eastern Northland southward 

to The Snares, New Zealand, living at 178-587 m. 

Habitat: On living or pagurid-inhabited gastropod shells, 

usually behind outer lip rim, 178-587 m. 

Remarks: Grandicrepidula collinae is immediately dis- 

tinguishable from other crepiduliform species from the 

New Zealand region by the relatively huge but weakly 

delineated protoconch, the lack of a coiling suture on the 

protoconch, the lack of a muscle and muscle scar on the 

left side, and by the smooth, oblique, highly arched shell. 

Grandicrepidula collinae is notable for the exception- 

ally large size of the brooded young (length up to 5.10 

mm). Like other crepiduliform species, it is a protandrous 

hermaphrodite: the small male, occasionally bearing a yet 

smaller male, typically living attached to the dorsum of 

the larger female. 

Etymology: After Rachel Collin (University of Chicago), 

in appreciation of her outstanding contributions to calyp- 

traeid biology. 

Genus Sigapatella Lesson, 1830 

Sigapatella Lesson, 1830:389. Type species (by subsequent 

designation of Gray, 1847:157): Calyptraea (Sigapatel- 

la) novaezelandiae Lesson, 1830; Recent, New Zealand. 

Zegalerus Finlay, 1926:392. Type species (by original des- 

ignation): Clypeola tenuis Gray, 1867; Recent, New 

Zealand. 

Diagnosis: Shell helical, septal rim broadly and evenly 

concave. 

Remarks: Most recent authors have considered the type 

species of Sigapatella to be Trochus calyptraeformis La- 

marck, 1822 (Recent, Australia) by subsequent designa- 

tion of Dall (1909). That species, however, was not 

imong the species originally included there by Lesson 

(1830), namely Calyptraea novaezelandiae Lesson, 1830, 

and C. scutum Lesson, 1830. The earliest valid and un- 

equivocal subsequent designation of a type species (C. 

novaezelandiae) appears to be that of Gray (1847). 

Bandel & Riedel (1994) interpreted Sigapatella as a 

synonym of Calyptraea Lamarck, 1799 (type species Pa- 

tella chinensis Linnaeus, 1758; Recent, Europe), but S. 

novaezelandiae and other species discussed herein differ 

collectively from C. chinensis in that the septum edge is 

broadly and evenly concave instead of sigmoidal. More- 

over, phylogenetic radiation of Sigapatella within the 

Australasian region was probably long independent from 

that of northern hemisphere-centered Calyptraea, so it 

seems appropriate to treat them as distinct genera. 

Wenz (1940), Bandel & Riedel (1994), Macpherson & 

Gabriel (1961), and Wilson (1993) considered Clypeola 

tenuis to be the type species of Clypeola Gray, 1867, with 

Zegalerus thus an absolute synonym of Clypeola. The 

type species of Clypeola, however, is Trochita clypeolum 

Reeve, 1859 (= Calyptraea decipiens Philippi, 1845; Re- 

cent, southern South America) by tautonymy (Rehder, 

1943). Trochita clypeolum has a convex septum rim and 

(typically) radial ribs at the periphery, and is referable to 

Trochita Schumacher, 1817 (type species Trochus spiralis 

Schumacher, 1817 = Turbo trochiformis Born, 1778; Re- 

cent, South America) (Powell, 1951, 1960). 

Sigapatella novaezelandiae (Lesson, 1830) 

(Figures 37, 40, 61, 72, 74, 75) 

Zorn, 1778: No. 25, 69 (not binomial). 

Calyptraea (Sigapatella) novaezelandiae Lesson, 1830:395; 

Thiele, 1929:248. 

Crepidula maculata Quoy & Gaimard, 1835:422, pl. 72, 

figs. 6-9. 

Calyptraea dilatata.—Gray, 1835:308; Gray, 1843:243 (not 

G. B. Sowerby I, 1825). 

Calyptraea maculata.—Deshayes & Milne-Edwards, 1836: 

628. 
Trochita maculata.—Reeve, 1859b: Trochita pl. 3, fig. 15; 

Martens, 1873:28. 

Calyptraea maculata.—Hutton, 1873:31; Suter, 1904:79. 

Trochita novaezelandiae.—Hutton, 1878:30; Sowerby, 

1883:63, pl. 450, figs. 87, 88. 
Trochita novaezealandiae [sic]|.—Hutton, 1880:86. 

Calyptraea (Sigapatella) calyptraeiformis [sic].—Tryon, 

1886:122 (in part not Lamarck, 1822), pl. 35, fig. 99 

only. 

Calyptraea calyptraeformis ““Linn.”’.—Hutton, 1893:61 (not 

Lamarck, 1822). 

Calyptraea inflata Hutton, 1893:61, pl. 7, fig. 58. 

Calyptraea novae-zeelandiae [sic].—Suter, 1906:326. 

Calyptraea (Sigapatella) maculata.—Suter, 1913:285, pl. 

14, figs. 3, 3a. 

Calyptraea (Sigapatella) maculata inflata.—Suter, 1915:9. 

Calyptraea novaezelandiae.—Iredale, 1915:456; Riedel, 

2000:45, text fig. 36, pl. 2, figs. 1, 2, pl. 8, fig. 13. 

Sigapatella novaezelandiae.—Smith, 1915:82; Finlay, 1926: 

392; Powell, 1937:73, pl. 10, fig. 25; Powell, 1946:75, 

pl. 10, fig. 25; Powell, 1955:94; Powell, 1957:99, pl. 
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10, fig. 25; Boshier, 1960:396; Powell, 1962:92, pl. 10, 

fig. 25; Grant-Mackie & Chapman-Smith, 1971:669; 

Pilkington, 1974:419, figs. SA—D; Powell, 1976:95, pl. 

17, fig. 25; Powell, 1979:148, pl. 30, fig. 5. 

Calyptraea (Sigapatella) novozelandiae |sic].—Wenz, 1940: 

900, fig. 2648. 
Calyptraea novaezelandia [sic].—Bandel & Riedel, 1994: 

339. 

Description: Shell adequately described by Suter (1913: 

285), and Powell (1979:148). Radula (Figures 74, 75): 

cutting areas of central and lateral teeth broadly angulate 

with small terminal cusps; numerous small cusps on outer 

edges of lateral teeth. 

Type data: Calyptraea novaezelandiae: presumed lost 

(not at MNHN); “‘Nouvelle-Zélande.”” Crepidula macu- 

lata: presumed lost (not at MNHN). Calyptraea inflata: 

repository unknown, presumed lost; “‘Wanganui,”’ Castle- 

cliffian (Middle Pleistocene). 

Other material examined: Fossi/—Shellbed N bank of 

Mangahao River, 1.6 km S of Mangahao, N Wairarapa 

(T24/462805), 1972, B. A. Marshall & M. B. Willoughby, 

Late Pliocene or Early Pleistocene (Nukumaruan). Re- 

cent—several thousand specimens (230 lots NMNZ) from 

throughout the geographic and bathymetric range. 

Distribution (Figure 72): Late Pliocene or Early Pleis- 

tocene (Nukumaruan) to Recent. North, South, Stewart, 

Snares, Auckland and Chatham islands, New Zealand, 0— 

420 m; living intertidally to 220 m. 

Habitat: Attached to hard substrata, 0-220 m. 

Remarks: This common, widely known, widely distrib- 

uted species is highly distinctive among New Zealand 

calyptraeids in the combination of rather strongly off-cen- 

tered apex, large size (adults typically about 30 mm wide; 

rarely up to 42 mm—Wellington Harbour, M.15343), well 

defined spiral grooves on the first half teleoconch whorl; 

thick, hairy periostracum; and large, deeply perspective 

false umbilicus. Larval development is direct (Pilkington, 

1974), the protoconch being paucispiral with a broad start 

(Figure 61). Among New Zealand Sigapatella species, the 

radula (Figures 74, 75) is distinctive in that the cutting 

areas of the central and lateral teeth are broadly angulate 

with small terminal cusps, and in that there are numerous 

small cusps on the outer edges of the lateral teeth. 

Sigapatella terraenovae Peile, 1924 

(Figures 38, 39, 41, 59, 60, 73, 77) 

Trochita alta Hutton, 1885:329 (not Conrad in Wailes, 

1854). 

Calyptraea alta.—Hutton, 1893:62, pl. 7, fig. 59; Suter, 

1915:8. 

Calyptraea (Calyptropsis) alta.—Suter, 1906:326. 

Calyptraea alta.—Suter, 1913:284, pl. 44, fig. 2. 

Sigapatella calyptraeformis.—Smith, 1915:83; Eales, 1923: 

18, figs. 16-19 (not Lamarck, 1822). 

Sigapatella terraenovae Peile, 1924:22, text fig. 1; Mestayer, 

1928:622 (in part: figs. 4-6 = S. spadicea Boshier, 

1961), figs. 1-3 only; Finlay, 1926:391 (in part = S. 

spadicea); Dell, 1956:70. 

Zegalerus crater Finlay, 1926:392 (replacement name for T. 

alta Hutton, 1885, not Conrad in Wailes, 1854). New 

synonym. 

Zegalerus tumens Finlay, 1930:231; Marwick, 1948:30 (in 

part = S. sp. aff. spadicea), pl. 6, figs. 10, 11. 

Zegalerus terraenovae.—Dell, 1956:70; Powell, 1979:149, 

pl. 30, figs. 8, 9. 

Description: Shell adequately described by Peile (1924: 

22) and Powell (1979:149). Animal described by Eales 

(1923:18—as S. calyptraeiformis). Radula (Figure 77): 

leading cutting edges of lateral teeth almost straight and 

almost horizontal relative to longitudinal axis of radular 

ribbon; terminal cusp on central teeth small, broadly an- 

gulate; terminal cusp of lateral teeth broadly angulate 

with broad, smooth leading edge. 

Type data: Sigapatella terraenovae \ectotype (“‘holo- 

type’ Mestayer, 1928, fig. 1) BMNH 1924.3.18.9, and 17 

paralectotypes (BMNH): 1924.3.18.10-11 (2), 

1915.4.18.236-9 (4), 1977157 (1), 1925.1.16.190—201 

(10); off Spirits Bay, N North Island, New Zealand, 20— 

37 m. Trochita alta (= Z. crater): type material not traced 

and probably no longer extant; ““Shrimpton’s” = Kiko- 

wheru Creek, W of Hastings, Hawkes Bay, North Island, 

New Zealand, Late Pliocene or Early Pleistocene (Nu- 

kumaruan). Zegalerus tumens: holotype AIM 70871; 

Cape Maria van Diemen, N North Island, New Zealand, 

beach. 

Other material examined: Fossi/—Shellbed N bank of 

Mangahao River, 1.6 km S of Mangahao, N Wairarapa 

(T24/462805), 1972, B. A. Marshall & M. B. Willoughby, 

Late Pliocene or Early Pleistocene (Nukumaruan) (32, 

M.42649); Tainui Shellbed (“Fleming Cu3”’), Wanganui, 

1924, W. R. B. Oliver, Middle Pleistocene (Castlecliffian) 

(1, M.151068). Recent—several hundred specimens (56 

lots NMNZ) from throughout the geographic and bathy- 

metric range. 

Distribution (Figure 73): Nukumaruan (Late Pliocene or 

Early Pleistocene) to Recent. Off Three Kings Islands, 

northern tip of Northland, and Ranfurly Bank, East Cape, 

N North Island, New Zealand, 0—622 m; taken alive at 

27-93 m. 

Habitat: Attached to hard substrata, 27-93 m. 

Remarks: Sigapatella terraenovae is rendered distinctive 

among Recent calyptraeids of the New Zealand region by 

the combination of thick, hairy periostracum, moderately 

subcentral apex, well defined spiral striae on the first half 

teleoconch whorl, and the narrowly constricted false um- 

bilicus. Judging from the paucispiral protoconch and very 

wide start (330-470 wm) (Figures 59, 60), larval devel- 

opment is direct. Among New Zealand Sigapatella spe- 
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cies, the radula (Figure 77) is distinctive in that the lead- 

ing cutting edges of the lateral teeth are almost straight 

and almost horizontal relative to the longitudinal axis of 

the ribbon, the terminal cusp on the central teeth is small 

and broadly angulate, and the terminal cusp of the lateral 

teeth is broadly angulate with a broad, smooth leading 

edge. 

Specimens from northern Northland and the Three 

Kings Islands and Ranfurly Bank, East Cape are indistin- 

guishable in shell and radular morphology and external 

anatomy. Since larval development is undoubtedly non- 

planktotrophic, it is quite possible that the northern and 

southern populations are fully isolated and relictual, per- 

haps dating from the last glacial maximum, when S. fer- 

raenovae was more widely distributed off the North Is- 

land: the places where it thrives today are areas of cool 

upwelling. Essentially similar distribution patterns are 

shown by a few other mollusks, such as the chiton Par- 

achiton textilis Powell, 1937 (2 adult specimens from off 

Motiti Island, 20 m, M.152602), and the trochid Callios- 

toma penniketi Marshall, 1995, which are well represent- 

ed off Spirits Bay and East Cape but, respectively, very 

rare or absent from intermediate localities (material 

NMNZ). 

Zegalerus crater has been recorded as occurring Re- 

cent at the Chatham Islands, on the basis of a few worn 

beach shells, all of which examined appear to be re- 

worked fossils, presumably originating from Nukumaruan 

beds at Titirangi, where it is common (Marwick, 1928). 

The status of the Chatham Islands species remains to be 

established. 

Waipipian (middle Pliocene) specimens from Otahuhu 

brewery bore identified as Zegalerus tumens by Marwick 

(1948) have smaller protoconchs than S. terraenovae and 

lack spiral grooves on the first teleoconch whorl. They 

represent a distinct species of Sigapatella in which the 

start of the protoconch is markedly broader than in both 

S. tenuis and S. spadicea. 

Suter (1915:8) stated that the “holotype” of C. alta 

“appears to be lost,” and redescribed the species using 

“heutotypes”’ (literally meaning type specimens having 

the ascribed characteristics of another) from Petane, north 

of Napier. These same specimens are not “‘lectotype”’ and 

“paralectotype”’ as listed by Bradshaw et al. (1992), be- 

cause they are not syntypes, 7. alta having been based 

on material from Kikowheru Creek, west of Hastings (the 
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locality formerly otherwise known as Shrimpton’s). 

Moreover, no Hutton specimens labeled Trochita alta 

from Kikowheru Creek have been located in New Zea- 

land collections known to or likely to contain Hutton ma- 

terial, including Canterbury Museum, Christchurch, the 

most likely repository (N. Hiller, personal communica- 

tion). Both Canterbury Museum “‘heautotypes’’ have 

very worn protoconchs, so it is clear that Suter’s (1915) 

and Finlay’s (1926:393) descriptions of the protoconch 

are based on other specimens, quite likely of other species 

and from other localities. Nevertheless, enough remains 

of the protoconch suture of the smaller specimen (M- 

2981) to indicate that its start was as broad as in contem- 

poraneous specimens from Mangahao River. Since the 

latter are indistinguishable from Recent S. terraenovae, 

C. alta (= Z. crater) is confidently interpreted as a syn- 

onym. 

Sigapatella ohopeana Marshall, sp. nov. 

(Figures 45, 48) 

Diagnosis: Protoconch 230—260 wm wide, shell other- 

wise similar to that of S. terraenovae. 

Description: Shell up to 23 mm wide, depressed-conical. 

Protoconch 700 wm wide, c. 0.4 smooth convex whorl, 

start 230-260 wm wide (development non-planktotroph- 

ic). First third of first teleoconch whorl strongly convex, 

subsequent whorls weakly convex. Low rounded spiral 

cords each with incised spiral groove at summit com- 

mence when shell 1.1 mm wide, weakening and vanish- 

ing at end of first half whorl. Subsequent whorls sculp- 

tured with irregular collabral growth lines, last half whorl 

with addition of traces of low, rounded spiral cords that 

accelerate outward more rapidly than generating curve. 

Septum weakly convex, rim broadly and evenly concave, 

modestly thickened at inner insertion and forming narrow, 

shallow, false umbilicus. 

Type data: Holotype NZGS TM 8225, 6 paratypes 

M.43136; below old reservoir in stream at foot of Ohope- 

Whakatane road, Ohope Beach, (W15/644519), N North 

Island, New Zealand, 1970-1971, B. A. Marshall, shell- 

beds and blue muddy siltstone, Middle Pleistocene (Cas- 

tlecliffian). Paratypes: large bend on Burma Road, be- 

tween Whakatane and Ohope (W15/638502), 1960-1962, 

Figures 37-48. Shells of Sigapatella species. Figures 37, 40. Sigapatella novaezelandiae (Lesson, 1830), main 

channel, Whangaroa Harbour, 9-15 m, width 24 mm (M.35334). Figures 38, 39, 41. Sigapatella terraenovae (Piele, 

1924), off Spirits Bay, 32 m, widths: 20.5 mm (38), 20.2 mm (39, periostracum removed), 21.4 mm (41) (M.150926). 

Figure 42. Sigapatella spadicea Boshier, 1961, periostracum removed, Otanerau, Queen Charlotte Sound, 20—29 m, 

width 17 mm (M.50816). Figures 43, 46. Sigapatella spadicea, off shelf inside Farewell Spit, 24—26 m, width 18.7 

mm (M.49998). Figures 44, 47. Sigapatella tenuis (Gray, 1867), Titirangi Bay, Guards Bay, Marlborough, 18—22 

m, width 17.2 mm (M.52389). Figures 45, 48. Sigapatella ohopeana Marshall, sp. noy., holotype, Ohope Beach, 

Late Pleistocene (Castlecliffian), width 15.6 mm (NZGS TM 8225). 
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B.A. Marshall, brown siltstone, Castlecliffian (2, 

M.96406). 

Distribution: Middle Pleistocene (Castlecliffian), Ohope 

Beach, Bay of Plenty, N North Island, New Zealand. 

Remarks: Sigapatella ohopeana closely resembles S. 

terraenovae in gross shell facies, including the presence 

of spiral grooves on the first teleoconch whorl, but differs 

principally in that the start of the protoconch in all type 

specimens is considerably narrower (width 230-260 pm 

as against 330—470 pm) than in any specimen of S. ter- 

raenovae. Judging from differences in protoconch mor- 

phology, development was non-planktotrophic rather than 

planktotrophic as in S. tenuis and S. spadicea. Given that 

S. terraenovae evidently dates to the Late Pliocene or 

early Pleistocene, S. ohopeana seems unlikely to be a 

form of that species undergoing progressive enlargement 

of the first protoconch whorl over time. 

Etymology: From the Maori place name Ohope, the type 

locality. 

Sigapatella superstes Fleming, 1958 

(Figures 49, 50, 54, 57, 58, 76, 80) 

Sigapatella superstes Fleming, 1958:141, figs. 1-4; Powell, 

1979:148, pl. 30, fig. 10. 

Description: Shell adequately described by Fleming 

(1958:141) and Powell (1979:148). Radula (Figure 76): 

most similar to that of S. novaezelandiae, but terminal 

cusps on central and lateral teeth much larger, and sec- 

ondary cusps on outer edges of laterals larger. 

Type data: Holotype NMNZ M.129; Cape Maria van 

Diemen, N North Island, New Zealand, beach. 

Other material examined: 33°57.0'S, 172°19.0’E, King 

Bank, N of Three Kings Islands, 128 m, 1 February 1981, 

R.V. Tangaroa (3, M.151038); 33°57.0'S, 171°45.4’E, 

Middlesex Bank, NW of Three Kings Islands, 98-103 m, 

31 January 1981, R.V. Tangaroa (1, M.151191); 

33°57.4'S, 172°19.4’E, King Bank, 128-123 m, 1 February 
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Figure 64. Distribution of Maoricrypta kopua Marshall, sp. 

nov., off North Island, New Zealand (200 and 1000 m isobaths 

indicated). 

1981, R.V. Tangaroa (17, M.100503); 33°58.0'S, 

172°30.6'E, 37 km NE of Great Island, Three Kings Is- 

lands, 550 m, 25 June 1978, R.V. Tangaroa (3, M.151037); 

34°00’S, 171°55’E, Three Kings Trough, 805 m, 15 July 

1962, R.N.Z.EA. Tui (2, M.20813); 34°06.5’S, 172°04.7'E, 
11 km NW of Great Island, 310 m, 30 June 1978, R.V. 

Tangaroa (3, M.151042); 34°08.5'S, 172°11'E, off North- 

east Island, Three Kings Islands, 102 m, 18 February 1974, 

R.V. Acheron (5, M.34418); 34°09'S, 172°10’E, reef be- 

tween Great Island and Farmer Rocks, 33 m, 17 February 

1986, scuba, G. S. Hardy (5, M.93955); 34°09.5’S, 

172°08.8’E, Southeast Bay, Great Island, alive under boul- 

Figures 49-63. Shells of Sigapatella species. Figure 49. Sigapatella superstes Fleming, 1948, off Three Kings 

Islands, 91 m, width 23.2 mm (M.33764). Figure 50. S. superstes, between Pandora Bank and Cape Maria van 

Diemen, 38-43 m, width 20.5 mm (M.81145). Figures 51, 53. Sigapatella nukumaruana Marshall, sp. nov., 

subadult holotype, Mangahao, Wairarapa, Late Pliocene or Early Pleistocene (Nukumaruan), width 5.70 mm (NZGS 

TM 8226). Figure 52. S. nukumaruana, fragmentary adult paratype, Mangahao, Wairarapa, Late Pliocene or Early 

Pleistocene (Nukumaruan), width 25 mm (M.42647). Figures 54, 57, 58. Sigapatella superstes, Southeast Bay, 

Three Kings Islands, 20—22 m (M.134706). Figure 55. Sigapatella superstes, off Ruamahua-nui Island, Aldermen 

Islands, 38 m (M.112746). Figure 56. Sigapatella superstes, reef between Great Island and Farmer Rocks, Three 

Kings Islands, 33 m (M.93955). Figure 59. Sigapatella terraenovae (Piele, 1924), off Three Kings Islands, 91 m 

(M.33765). Figure 60. Sigapatella terraenovae, off Cape Reinga, 78 m (M.151043). Figure 61. Sigapatella novae- 

zelandiae (Lesson, 1830), Whangaroa Harbour entrance, 25 m (M.151547). Figure 62. Sigapatella spadicea Boshier, 

1961, off Manawatu River mouth, 86 m (M.53848). Figure 63. Sigapatella tenuis (Gray, 1867), Deep Water Cove, 

Bay of Islands, 23-32 m (M.95485). Scale bar 58 = 100 pm, others = 200 pm. 
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Figure 65. Distribution of Grandicrepidula collinae Marshall, 

sp. nov., off New Zealand (200 and 1000 m isobaths indicated). 

ders, 13-15 m, 5 March 1997, K. W. Burch & D. Crosby 

(2, M.134650); 34°09.5'S, 172°08.8'E, Southeast Bay, 20— 

22 m, 4 March 1997, K. Burch & D. Crosby (8, 

M.134706); Southeast Bay, 23 m, 16 February 1986, scu- 

ba, FE J. Brook (1, M.109398); 34°10.8’S, 172°02.6’E, off 

N face of Hinemoa Island, Three Kings Islands, 23 m, 11 

February 1986, scuba, G. S. Hardy (1, M.112572); 

34°11'S, 172°03'E, off West Island, Three Kings Islands, 

Elingamite wreck, 37 m, 16 March 1981, K. Tarlton (1, 

M.151039); 34°11'S, 172°10’E, off Three Kings Islands, 

91 m, 19 February 1974, R.V. Acheron (1, M.33764); 

34°14.1'S, 172°09.0’E, S of Great Island, 192-202 m, 1 

February 1981, R.V. Tangaroa (3, M.151040); 34°22.8’S, 

172°24.6'E, NW of Cape Reinga, 121 m, 2 February 1981, 

R.V. Tangaroa (1, M.151041); 34°29.4'S, 172°35.2’E, be- 

tween Pandora Bank and Cape Maria van Diemen, 38—43 

m, 3 February 1981, R.V. Tangaroa (1, M.81145); 

34°29.8'S, 172°35.4'E, between Pandora Bank and Cape 

Maria van Diemen, 38—43 m, 3 February 1981, R.V. Tan- 

garoa (1, M.70947); Cape Maria van Diemen, beach, Au- 

gust 1976, P. R. Jamieson (2, M.111077); Cape Maria van 

Diemen, beach, 29 August 1957, A. W. B. Powell (1, 
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M.13030); 34°42.8’S, 173°14.5’E, off Rangaunu Bay, 63 

m, 27 January 1981, R.V. Tangaroa (7, M.151192); 

36°57.2'S, 176°05.8'E, off E side of Ruamahua-nui Island, 

Aldermen Islands, 38 m, 30 November 1987, scuba, G. S. 

Hardy (1 very fresh juvenile, M.112746). 

Distribution (Figure 80): Off Three Kings Islands and 

off N tip of North Island, New Zealand (1 juvenile off 

Aldermen Islands), 0-805 m; taken alive (1 station) at 

13-15 m. 

Habitat: Attached to hard substrata, 13—15 m. 

Remarks: Among Recent Sigapatella species, S. super- 

stes is extremely distinctive in its teleoconch sculpture of 

sharply incised, irregularly wavy spiral grooves and com- 

marginal grooves that intersect to form a granular pattern. 

The paucispiral protoconch with wide start indicates non- 

planktotrophic larval development. That development 

may be lecithotrophic is suggested by the occurrence of 

a juvenile specimen off the Aldermen Islands, which pre- 

sumably originated from self recruiting populations off 

northern Northland. The radula (Figure 76) is distinctive 

in that the terminal cusps on the central and lateral teeth 

are large and broadly angulate. Among New Zealand Si- 

gapatella species, the radula is most similar to that of S. 

novaezelandiae, but the terminal cusps on the central and 

lateral teeth are much larger, and the secondary cusps on 

the outer edges of the laterals are larger. 

A similar species of Late Pliocene or Early Pleistocene 

age 1s described below. 

Sigapatella nukumaruana Marshall, sp. nov. 

(Figures 51—53) 

Diagnosis: Shell similar to that of Sigapatella superstes 

but with coarser teleoconch sculpture and larger false um- 

bicus. 

Description: Shell up to ca. 22 mm wide, of moderate 

thickness, spire moderately elevated. Protoconch of 0.5 

convex whorl, 800-830 wm wide, finely spirally lirate, 

start broadly rounded (development non-planktotrophic). 

Teleoconch of up to 2.5 rather strongly and evenly con- 

vex, and rather regularly expanding whorls, suture well 

defined; spire sculptured throughout with sharply incised, 

irregular, wavy spiral grooves that intersect with com- 

marginal grooves to form pattern of coarse, rounded gran- 

ules. Base excavate, septum weakly convex, rim broadly 

concave, false umbilicus large and deep. 

Type data: Holotype NZGS TM 8226, 5 paratypes 

NMNZ M.42647; shellbed N bank of Mangahao River, 

1.6 km S of Mangahao, N Wairarapa, S North Island, 

New Zealand, (T24/462805), 1972, B. A. Marshall and 

M. B. Willoughby, Late Pliocene or Early Pleistocene 

(Nukumaruan). 
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Figures 66-71. Radulae of Maoricrypta and Grandicrepidula species (adults). Figure 66. Maoricrypta costata (G. B. Sowerby I, 1824), 
Kokinga Point, Bay of Islands, intertidal (M.42098). Figure 67. Maoricrypta monoxyla (Lesson, 1830), Reef Point, Ahipara, intertidal 

(M.151210). Figure 68. Maoricrypta sodalis Marshall, sp. nov., paratype, off Cape Runaway, 27—72 m, M.65233. Figure 69. Maoricrypta 

kopua Marshall, sp. nov., paratype, off Aldermen Islands, 289-292 m (M.134083). Figure 70. Maoricrypta youngi Powell, 1940, off 

Cape Reinga, 88 m (M.36032). Figure 71. Grandicrepidula collinae Marshall, sp. nov., paratype, N of Mayor Island, 380-420 m 

(M.90205). Scale bars = 50 pm. 

Distribution: Late Pliocene-Early Pleistocene (Nukuma- alent stages of growth. The holotype is a juvenile, all 

ruan), Wairarapa, S North Island, New Zealand. other specimens, including adults (Figure 52), being more 

; or less fragmentary but otherwise very well preserved. 
Remarks: Sigapatella nukumaruana resembles the Re- a Y/ a e 

cent species S. superstes in size and gross facies, but dif- 

fers in having coarser teleoconch sculpture at all stages Etymology: After the Nukumaruan Stage (Late Pliocene- 

of growth, and in having a larger false umbilicus at equiv- Early Pleistocene). 
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Figure 72. Distribution of Sigapatella novaezelandiae (Lesson, 

1830) off New Zealand (200 and 1000 m isobaths indicated). 

Sigapatella spadicea Boshier, 1961 

(Figures 42, 43, 46, 62, 78, 81) 

Sigapatella terraenovae.—Mestayer, 1928:622 (in part not 

Peile, 1924), figs. 4—6 only; Finlay, 1926:391 (in part). 

Zegalerus tenuis.—Dell, 1956:70; Powell, 1979:149 (in 

part). 

Sigapatella spadicea Boshier, 1961:104, text fig. 1. 

Description: (supplemental to that of Boshier 1961:104) 

Protoconch 770-870 jm wide, of 1.25 convex whorls, 

rapidly expanding from small nucleus (larval develop- 

ment probably planktotrophic). Radula (Figure 78): Cen- 

tral and lateral teeth with very acutely tapered cutting 

areas, each with large, long, slender terminal cusp. Cen- 

tral tooth with five or six sharp secondary cusps on each 

side. Lateral teeth each with four to six sharp cusps on 

outer edge, and four sharp cusps on inner edge. 

Type data: Holotype NMNZ M.18089; trawled north of 

Kapiti Island, S North Island, New Zealand, 55 m, F 

Abernethy. 

Other material examined: Fossil—Shellbed N bank of 
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Figure 73. Distribution of Sigapatella terraenovae (Piele, 

1924), off North Island, New Zealand (200 and 1000 m isobaths 

indicated). 

Mangahao River, 1.6 km S of Mangahao, N Wairarapa 

(T24/462805), 1972, B. A. Marshall and M. B. Willough- 

by, Late Pliocene or Early Pleistocene (Nukumaruan); 

Landguard Bluff, Wanganui, 1909, W. R. B. Oliver, Pleis- 

tocene (Castlecliffian) (10, M.151067). Recent—> 1000 

specimens (142 lots NMNZ) from throughout the geo- 

graphic and bathymetric range. 

Distribution (Figure 81): Late Pliocene or Early Pleis- 

tocene (Nukumaruan) to Recent. North, South, Stewart 

islands, New Zealand, 4—533 m; taken alive at 4-533 m. 

Habitat: Attached to hard substrata (typically shells), 4— 

533 m. 

Remarks: Sigapatella spadicea differs from the superfi- 

cially similar, sympatric species S. tenuis, principally in 

lacking oblique spiral threads on the teleoconch, and in 

that the periostracum is prominently commarginally la- 

mellate and spinose rather than smooth. The radula (Fig- 

ure 78) differs markedly from those of other New Zealand 

Sigapatella species in having narrowly tapered cutting ar- 

eas and large, narrowly tapered terminal cusps on the 

central and lateral teeth, more closely resembling those 

of Maoricrypta species in gross facies. The protoconch is 

extremely similar in both species, with a relatively narrow 

start, and about 1.25 whorls instead of about 0.5 whorl, 

suggesting planktotrophic larval development: it is un- 

clear whether planktotrophic larvae described by Pilking- 
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Figures 74-79. Radulae of Sigapatella species (adults). Figures 74, 75. Sigapatella novaezelandiae (Lesson, 1830), Pukenui Wharf, 

Houhora Harbour (M.45067). Figure 76. Sigapatella superstes Fleming, 1948, Southeast Bay, Great Island, Three Kings Islands, 13— 

15 m (M.134650). Figure 77. Sigapatella terraenovae (Piele, 1924), off Spirits Bay, 40 m (M.148035). Figure 78. Sigapatella spadicea 

Boshier, 1961, Port Hardy, D’Urville Island, 18 m (M.54687). Figure 79. Sigapatella tenuis (Gray, 1867), Guards Bay, Marlborough 

Sounds, 18-22 m (M.52389). Scale bars = 50 wm. 

ton (1976) are of S. tenuis or S. spadicea, both of which 

occur in her study area. The fossil specimens are indis- 

tinguishable from Recent shells in all aspects of shell 

morphology. 

Sigapatella tenuis (Gray, 1867) 

(Figures 44, 47, 63, 79, 81) 

Clypeola tenuis Gray, 1867:735. 
Trochita tenuis.—Hutton, 1873a:32. 

Trochita scutum.—Hutton, 1878:30; Hutton, 1880:86 (not 

Lesson, 1830). 

Calyptraea scutum.—Suter, 1904:79; Suter, 1913:284, pl. 

44, fig. 4 (not Lesson). 

Calyptraea tenuis.—Hedley, 1913:289; Bandel & Riedel, 

1994:340, pl. 7, figs. 4, 5 Gn part = S. hedleyi E. A. 

Smith, 1915); Riedel, 2000:47, pl. 8, figs. 11, 12. 

Sigapatella tenuis.—Smith, 1915:83, pl. 1, figs. 20—22; 

Eales, 1923:19. 

Zegalerus tenuis.—Finlay, 1926:392; Powell, 1937:73, pl. 
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Figure 80. Distribution of Sigapatella superstes Fleming, 1948 

off North Island, New Zealand (200 and 1000 m isobaths indi- 

cated). 

10, fig. 24; Powell, 1946, pl. 10, fig. 24; Powell, 1957: 

99, pl. 10, fig. 24; Powell, 1962:92, pl. 10, fig. 24; Pow- 

ell, 1976:95, pl. 17, fig. 24; Powell, 1979:149 (in part 

= S. spadicea Boshier, 1961), pl. 30, figs. 6, 7. 

Calyptraea (Clypeola) tenuis.—Thiele, 1929:248; Wenz, 

1940:900, fig. 2650. 

NOT Zegalerus tenuis.—Dell, 1956:71 (= S. spadicea). 

Description: Shell adequately described by Suter (1913: 

284—as Calyptraea scutum). Radula (Figure 79) with nu- 

merous small slender cusps on the central and lateral 

teeth; outer cutting edge of each lateral tooth long, almost 

straight and oblique relative to the horizontal axis of the 

radular ribbon. 

Type data: Syntypes (3) BMNH 1977151; New Zealand. 

Other material examined: Fossil—Tainui Shellbed, 

Wanganui, 1924, W. R. B. Oliver, Castlecliffian (Middle 

Pleistocene) (16, M.27327); Landguard Bluff, Wanganui, 

1909, W. R. B. Oliver, Late Pleistocene (Haweran) (35, 

M.16422); Te Piki road cutting, between Whangaparaoa 

and Te Araroa (Y14/561904), 1966-1969, B. A. Mar- 

shall, Haweran (3, M.40120). Recent—several thousand 

specimens (250 lots NMNZ) from throughout the geo- 

graphic and bathymetric range. 

Distribution (Figure 81): Late Pleistocene (Castlecliffi- 

an)—Recent. Three Kings, North, South, Stewart and 
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Figure 81. Distribution of Sigapatella spadicea Boshier, 1961, 

off New Zealand (200 and 1000 m isobaths indicated). 

Chatham islands, New Zealand, 0—604 m; taken alive at 

2-315 m. 

Habitat: Attached to hard substrata, 2-315 m. 

Remarks: The shell morphology of Sigapatella tenuis is 

distinctive among New Zealand Sigapatella species in the 

combination of protoconch of 1.25 smooth whorls with 

narrow start, outwardly curving spiral threads on the te- 

leoconch, and the smooth periostracum. The radula is ex- 

tremely distinctive in having small slender cusps on the 

central and lateral teeth, and in that the outer cutting edge 

of each lateral tooth is long, almost straight and oblique 

relative to the horizontal axis of the radular ribbon. 

Clypeola tenuis Gray, 1867, is a secondary homonym 

of Calyptraea (Calypeopsis) tenuis Broderip, 1834, and 

no replacement name has been provided. There is no need 

to rename Gray’s well known species, however, because 

Broderip’s species belongs in Crucibulum Schumacher, 

1817 (ICZN, 1999), perhaps a synonym of C. lignarium 

(Broderip, 1834) (Keen, 1971). Bandel & Riedel (1994) 

recorded S. tenuis from both New Zealand and New 

South Wales, apparently implying that the Australian spe- 
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Figure 82. Distribution of Sigapatella tenuis (Gray, 1867), off 

New Zealand (200 and 1000 m isobaths indicated). 

cies S. hedleyi (E. A. Smith, 1915) was a synonym of S. 

tenuis. This is not so, S. hedleyi differing from S. tenuis 

(principally) in that the start of the protoconch is much 

broader, indicating that larval development is non-plank- 

totrophic rather than planktotrophic as in S. tenuis. 

Since the larval shell seems to be indistinguishable 

from that of S. spadicea, it is unclear whether plankto- 

trophic larvae described by Pilkington (1976) are of S. 

tenuis or S. spadicea. 

The largest specimen examined (Wellington Harbour, 

M.40067) is 24 mm in diameter. 

Key to New Zealand Recent Calyptraeidae 

1. Shell slipper-shaped (crepiduliform) .......... DD 

Shell not slipper-shaped (spiral) ............. 7 

2. Shell with strong radial sculpture .......... 

5 A ASEOSBNBIS toga SBS cha CS ae Maoricrypta costata 

Shelllvessentiallyasmooth) 92 sesso: 3 
3. Shell with one (right) muscle/scar beside inser- 

tion of septum ......... Grandicrepidula collinae 

Shell with right and left muscles/scars beside in- 

GSMO ONION coo occcacacd50cscnddo0059 4 
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4. Shell white; strongly depressed protoconch not 

tilted relative to apertural plane ............. 5 

Shell typically brownish, protoconch not de- 

pressed, somewhat tilted relative to apertural 

jo ennYss) © cectnrcet pig cere: d saeco Maoricrypta youngi 

5. Shell externally markedly convex, animal yellow 

(living outside living gastropods and mussels) 

Pr Am Ne Reeniote taal weer eens Maoricrypta monoxyla 

6. Shell strongly flattened, animal whitish (living 

within apertures of pagurid-occupied gastropod 

Slrelllis) epee eertonee ees ie tense ewan meee 6 

7. Protoconch 2.8—3.9 mm long, crisply radially stri- 

ALS a ae ee ape ca ae ee eg Maoricrypta sodalis 

Protoconch 3.9-5.0 mm long, weakly radially 

striate or smooth ........... Maoricrypta kopua 

8. Protoconch of more than 1 whorl, tip of apical 

OGIO TEKON | Ger cineca sia.o ate eke a aS ence ieseo Becca 8 

Protoconch of less than 1 whorl, tip of apical fold 

LOS OPEVGl a cies tengeeaice erased ye ne ee ee ee Re eee re ese 9 

9. Teleoconch with outwardly spiralling radial 

threads, periostracum smooth ... Sigapatella tenuis 

Teleoconch without radial threads, periostracum 

hairy or lamellar .......... Sigapatella spadicea 

10. Teleoconch covered with crisp, granular sculpture 

EP ges ren oh canons sasuetie erie aie Saha Sigapatella superstes 

Teleoconch without grandular sculpture ...... 10 

11. Large false umbilicus .. Sigapatella novaezelandiae 

No false umbilicus ...... Sigapatella terraenovae 
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Abstract. Two new genera and six new species of shallow-marine Late Cretaceous gastropods are reported from 

California. The trichotropid Astandes? Wade, 1917, formerly a monotypic genus restricted to the Maastrichtian of Ten- 

nessee, Wyoming, Montana, and Colorado, is represented by a new species of Turonian age. Two new genera of 

fasciolariids, the Turonian Mylecoma and the Coniacian Micasarcina, are both represented by single new species. The 

fasciolariid Plectocion Stewart, 1927, formerly a monotypic genus restricted to the Coniacian and Santonian of California, 

is represented by a new species of early Campanian age. The volutid Fusivoluta von Martens, 1902, formerly known 

only as a modern-day genus restricted to deep waters, is represented by a new species of early Santonian age. The 

mathildid Echinimathilda Sohl, 1960, formerly restricted to the Campanian and Maastrichtian of Mississippi is repre- 

sented by a new species of Coniacian age. 

Restudies of the Coniacian and Santonian fasciolariid Plectocion curvirostris (Gabb, 1864) and the Turonian pseu- 

domelaniid Liocium punctatum Gabb, 1869, are included. The early Campanian Faunus marcidulus White, 1889, is 

reassigned to genus Liocium Gabb, 1869. 

INTRODUCTION Many of the specimens were collected by W. P. Popenoe, 
who worked on the rich Late Cretaceous molluscan fau- 

Late Cretaceous, shallow-marine gastropod faunas from nas of the Redding area. Figure 2 shows the geologic age 

the Pacific slope of North America remain understudied. range of each species, with the entire interval of time 

This paper describes or discusses nine species, six of involved encompassing the Turonian to early middle 
which are new, and proposes two new genera. New taxa Campanian. 

proposed are the trichotropid Astandes? salsa, sp. nov.; The classification system used here generally follows 
the fasciolariids Plectocion montis, sp. nov, Micasarcina that of Ponder and Warén (1988). Abbreviations used for 

vallis, gen. & sp. nov., and Mylecoma vacca, gen. & sp. catalog and locality numbers are: ANSP, Academy of 

nov; the volutid Fusivoluta cretacea, sp. nov.; and the Natural Sciences of Philadelphia; CIT, California Institute 
mathildid Echinimathilda querna, sp. nov. of Technology, Pasadena [collections now housed at 

A few previously named, but poorly known taxa are LACMIP]; LACMIP, Natural History Museum of Los 
also discussed and illustrated. Before this present work, Angeles County, Invertebrate Paleontology Section: 

both the pseudomelaniid Liocium Gabb, 1869, and the UCLA, University of California, Los Angeles [collections 
fasciolariid Plectocion Stewart, 1927, had been monotyp- now housed at LACMIP]; USNM, United States National 

ic genera consisting of Liocium punctatum Gabb, 1869, Museum, Washington, D.C. 

and Plectocion curvirostris (Gabb, 1864), respectively. 

Both species had never received detailed study, thus they STRATIGRAPHY 

are included here with updated stratigraphic information 

and more illustrations to more fully document their mor- The ages and depositional environments of most of the 

phology. In addition, Faunus marcidulus White, 1889, is formations and members cited in this paper have been 

reassigned to genus Liocium, and photographs of this spe- summarized in recent papers by Saul (1988), Squires & 

cies are provided for the first time. Saul (2001), and Saul & Squires (in press). Stratigraphic 

All of the gastropods treated in this paper are from east information mentioned below concerns either those rock 

of Redding or from the Big Chico Creek area, both in units not discussed in recent literature or additional per- 

northern California. Astandes? salsa and Fusivoluta cre- tinent biostratigraphic details. The following stratigraphic 

tacea are also from the Santa Ana Mountains, southern units are listed from oldest to youngest. 

California.-Figure 1 shows pertinent geographic areas. Redding Formation. The area that pertains to this for- 
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Figure 1. A. Index map of the place names mentioned in text. B. Review of nomenclatural history of the stratigraphy of the Redding 

Formation, east of Redding. 

mation is east of Redding, Shasta County, northern Cal- 

ifornia (Figure 1A). The formation consists of several 

shallow-marine members deposited during the Turonian 

to Santonian stages, and the nomenclatural history of 

these members is shown in Figure 1B. Popenoe (1943) 

subdivided the Redding Formation into Members I to VI, 

and this convention was also utilized by Murphy et al. 

(1957), Matsumoto (1959), Matsumoto & Popenoe in 

Matsumoto (1960), and Trujillo (1960). The outcrop dis- 

tributions of Members V and VI were modified somewhat 

by Murphy et al. (1957:pl. 3) and Matsumoto & Popenoe 

in Matsumoto (1960:fig. 2). Members I to III were named 

by Jones et al. (1978), and Haggart (1986) named three 

overlying members. His Bear Creek Sandstone Member 

includes the Melton Sandstone of Jones et al. (1978). 

Comparison of the geologic map in Haggart (1986:fig. 4) 

with the geologic map in Matsumoto & Popenoe in Mat- 

sumoto (1960:fig. 2) revealed that Haggart’s Bear Creek 

Sandstone Member also includes Member V in Hooten 

Gulch. Haggart’s Hooten Gulch Mudstone Member in- 

cludes Members IV and VI, which he regarded as equiv- 

alent and not stacked. Furthermore, Haggart’s Oak Run 

Conglomerate Member, at the top of the Redding For- 

mation, is a time-transgressive unit equivalent to Member 

V on the south side of Oak Run Creek and in the vicinity 

of Basin Hollow Creek. Haggart’s named units, therefore, 

do not directly correspond to those of earlier workers. 

As mentioned earlier, many of the specimens of the 

new taxa from the Redding area were collected by Po- 

penoe, and the recorded-locality descriptions reflect his 

view of the stratigraphy. Assignment of our localities to 

Haggart’s stratigraphic units would require a more de- 

tailed map than provided by Haggart (1986:fig. 4). Ad- 

ditionally, diagrams of measured sections and chronostra- 

tigraphy of Haggart’s Bear Creek, Hooten Gulch, and Oak 

Run Conglomerate members would assist in integrating 

Haggart’s clearly different interpretations of Redding-area 

geology with that of previous workers. 

The Turonian ages shown on Figure 1B for the Bella- 

vista Sandstone, Frazier Siltstone, and Melton Sandstone 

members are based on work by Jones et al. (1978). The 

ages of Members IV, V, and VI are based on work by 

Matsumoto (1959), Matsumoto & Popenoe in Matsumoto 

(1960), Popenoe (1983), Popenoe & Saul (1987), and 

Saul (1988). 

Specimens of Plectocion curvirostris, Micasarcina 

vallis, gen. & sp. nov., and Mathilda querna, sp. nov. 

occur in the lower part of Member IV and are associated 

with the ammonites Baculites schencki Matsumoto, 1959, 

and Peroniceras shastense Anderson, 1958, as well as 
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Figure 2. Chronostratigraphic positions of the new and restud- 

ied Late Cretaceous gastropods from California. Geologic ages, 

polarities, and chrons after Gradstein et al. (1994). 

with the gastropods Pyktes aspris Popenoe, 1983, and 

Perissitys cretacea (Cooper, 1896), all of which are di- 

agnostic of the Coniacian (Anderson, 1958; Matsumoto, 

1959, 1960; Popenoe, 1983; Popenoe & Saul, 1987). 

Specimens of P. curvirostris also occur in Member V. 

Those found at LACMIP locs. 10823 and 23953 in the 

lowermost part of this member are associated with Pyktes 

aspris and Perissitys cretacea and can be assigned a late 

Coniacian age. Specimens of P. curvirostris found at sev- 

eral LACMIP localities (e.g., 10787, 10819, 24106) just 

upsection, in the remaining part of Member V, are asso- 

ciated with the ammonite Baculites kirki Matsumoto, 

1959, and the gastropods Pyktes triphyllon Popenoe, 

1983, and/or Forsia lorda Saul, 1988, all of which are 

diagnostic of the early to late Santonian (Matsumoto, 

1959, 1960; Popenoe, 1983; Saul, 1988). These last-men- 

tioned localities, just upsection from the late Coniacian 

ones, are more likely to be early Santonian age rather 

than late Santonian age. 

Specimens of Fusivoluta cretacea, sp. nov. occur in 

Member V and in close proximity to LACMIP loc. 

10794, which has yielded the gastropods Amaea trifolia 

Squires & Saul, 2003, and Belliscala petra Squires & 

Saul, 2003, both of which are indicative of the early San- 

tonian (Squires & Saul, 2003). 

Ponderosa Way Member of the Chico Formation. The 
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area that pertains to this basal member of the Chico For- 

mation is primarily in Big Chico and Butte creeks, Butte 

County, northern California (Figure 1). The lower half of 

this member is a cobble conglomerate with local sand 

lenses containing marine fossils (Saul, 1959). The upper 

half of the member also yields marine fossils (Saul, 1959) 

but is more sandy and gradational with the overlying 

Musty Buck Member of the Chico Formation (Saul, 1959; 

Haggart & Ward, 1984). Specimens of Plectocion curvi- 

rostris (Gabb, 1864), from LACMIP loc. 23617, in the 

upper half of the Ponderosa Way Member, co-occur with 

the ammonite Baculites schencki Matsumoto, 1959, 

which, as mentioned above, is Coniacian in age. 

SYSTEMATIC PALEONTOLOGY 

Phylum MOLLUSCA Linnaeus, 1758 

Class GASTROPODA Cuvier, 1797 

Superorder CAENOGASTROPODA Cox, 1959 

Order NEOTAENIOGLOSSA Haller, 1882 

Suborder PTENOGLOSSA Gray, 1853 

Superfamily PSEUDOMELANIOIDEA Fischer, 1885 

Family PSEUDOMELANIIDAE Fischer, 1885 

Discussion: Tracey et al. (1993) reported that this family 

is a poorly known and probably polyphyletic group of 

elongate, commonly rather featureless shells, and that its 

geologic age range is late Middle Triassic to late early 

Miocene. Pseudomelaniid shells are usually smooth with 

a flat-sided conical spire, rounded body-whorl base, 

smooth inner lip without folds, imperforate umbilicus 

(anomphalous), and wavy growth lines. These features 

are found in the type species of genus Liocium Gabb, 

1869, which is discussed below. Cossmann (1909) and 

Wenz (1938) put Liocium in family Pseudomelaniidae, 

but Tracey et al. (1993) placed this genus, as well as 

Bayania Munier-Chalmas in Fischer, 1885, in this family 

with some reservation. 

Both of the species of Liocium described below also 

have a small but distinct anterior notch, and this feature 

is not normally found in pseudomelaniids. Based on an 

inspection of the senior author’s private collection of spe- 

cies of Bayania from Eocene beds of the Paris Basin, 

France, it was found that Bayania lactae (Bruguiere, 

1789; Wenz, 1938:fig. 888) has an anterior notch similar 

to that of Liocium. Not all Bayania species, however, 

have this anterior notch. Although pseudomelaniids usu- 

ally have a smooth shell, Liocium marcidulum (White, 

1889) has complex sculpture. 

Family Pseudomelaniidae needs further study, but such 

a study is beyond the scope of this present investigation. 

Future work might show that Liocium and Bayania be- 

long to a taxon of their own. 
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Stewart (1927) provisionally put Liocium in family 

Pyramidellidae, but Liocium lacks the columellar folds 

that typify pyramidellids. 

Genus Liocium Gabb, 1869 

Type species: Liocium punctatum Gabb, 1869, by mon- 

otypy; Turonian, northern California. 

Diagnosis: Shell small, elongate tear-drop. Upper spire 

whorls flat, more mature whorls somewhat convex. Shell 

glossy and smooth or with complex, wrinkled-looking 

sculpture. Aperture ovate, anteriorly notched and poste- 

riorly acute. 

Discussion: The type species of Liocium resembles the 

eulimid Eulima Risso, 1826, in having a small, high- 

spired glossy shell with flat-sided whorls, and a slightly 

impressed suture bordered by a narrow, translucent band. 

Eulima, as well as other eulimids, however, does not pos- 

sess the anterior notch nor the arcuate growth lines of 

Liocium. 

As mentioned above, Liocium resembles Bayania lac- 

tae (Bruguiére) in having an anterior notch, but Liocium 

differs from this species, as well as from other species of 

Bayania, in having more arcuate growth lines, less im- 

pressed suture, and no well-developed spiral cords. In ad- 

dition, Liocium does not have the collabral ribs on the 

upper spire that B. lactae has. 

Liocium punctatum Gabb, 1869 

(Figures 3—6) 

Liocium punctatum Gabb (1869:174, pl. 28, fig. 59; Coss- 

mann, 1909:81, 96, fig. 45; Stewart, 1927:319-—320, pl. 

24, fig. 6; Wenz, 1938:fig. 374; Anderson, 1938:131; 

Jones et al., 1978:pl. 1, fig. 21). 

Diagnosis: A small Liocium with nearly smooth shell, 

except for microscopically punctate spiral striae. 

Description: Shell minute sized (up to 5 mm in height), 

elongate tear-drop. Spire high, forming approximately 

43% of shell height. Pleural angle 24°. Protoconch miss- 

ing approximately half a whorl or more, most mature part 

low and smooth, and difficult to distinguish from teleo- 

conch. Teleoconch whorls six, sides flattish on upper spire 

whorls, becoming convex on more mature whorls, base 

of body whorl rounded. Suture barely impressed, com- 

monly bordered anteriorly by narrow translucent (lighter) 

band. Whorls glossy, somewhat translucent. Penultimate 

whorl with one spiral row of microscopic punctae adja- 

cent to anterior suture; other spire whorls smooth. Body 

whorl also with spiral rows of microscopic punctae, one 

just anterior to periphery and six more on anterior part 

of body whorl. Aperture ovate, acute posteriorly. Anterior 

notch small and shallow, but distinct. Outer lip projecting 

anteriorly and with smooth interior. Inner lip very lightly 
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callused and smooth. Growth lines opisthocline, becom- 

ing arcuate on body whorl base. 

Dimensions of holotype: Nearly complete specimen of 

6.5 whorls, height 4.7 mm, diameter 1.7 mm. 

Holotype: ANSP 4251. 

Type locality: Exact location unknown. “Rare in the 

Shasta Group, south of the road from Colusa to the Hot 

Sulphur Springs in the first range of foot hills, Colusa 

County”? (Gabb, 1869), near the eastern margin of the 

Coast Range, northern California. 

Geologic age: Turonian. 

Distribution: Bellavista Sandstone, Frazier Siltstone, and 

Melton Sandstone members of the Redding Formation, 

east of Redding, Shasta County, northern California; 

Great Valley Group, Colusa County, northern California. 

Discussion: Stewart’s (1927:pl. 24, fig. 6) illustration of 

L. punctatum gives the false impression that the aperture 

is complete, but the anterior end is missing and the outer 

lip is broken. Additional specimens of L. punctatum in 

the LACMIP collection were studied, and one of these 

(Figure 6) shows a small, but distinct anterior notch. This 

same specimen also shows the arcuate growth-line pattern 

(Figure 5), which is difficult to ascertain on most speci- 

mens because of the glossy surface. 

Gabb (1869) indicated that the type locality of L. punc- 

tatum is in the Lower Cretaceous Shasta Group. Anderson 

(1938:131), however, referred Gabb’s locality to the 

younger “‘Chico’’ beds rather than the older “‘Shasta”’ 

strata and commented that the type locality beds can hard- 

ly be older than late Turonian. Saul & Popenoe (1993: 

367), furthermore, assigned Gabb’s type locality beds to 

the Turonian because L. punctatum has not been found 

associated with other mollusks of Early Cretaceous age 

and is present in beds of Turonian age in the area east of 

Redding. 

Stanton (1895:19) postulated that the holotype of L. 

punctatum “might possibly”’ be from the ‘Knoxville fau- 

na.’ He also stated that he found abundant specimens of 

this species in the “‘Upper Horsetown fauna,” but he did 

not give any precise locality data nor did he figure any 

of the specimens. The “‘Knoxville fauna,’ which stems 

from terminology proposed by Anderson (1902), is equiv- 

alent to the Early Cretaceous Berriasian and Valanginian 

stages (Saul, 1986), thus Stanton’s postulated geologic 

age for the holotype of L. punctatum is not correct. The 

“‘Horsetown fauna,” which also stems from Anderson 

(1902), roughly encompasses the Lower Cretaceous Hau- 

tervian through Albian stages (Saul, 1986), and the abun- 

dant small specimens Stanton (1895) alluded to are not 

Liocium punctatum. 

Cossmann (1909) reported that L. punctatum is of 

‘‘Aturien”’” [= Campanian], but this age assignment is in- 

correct. Tracey et al. (1993) mentioned that Liocium (i.e., 
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Liocium punctatum) is of Cenomanian age, but that age 

assignment is also incorrect. 

Liocium marcidulum (White, 1889) 

(Figures 7—11) 

Faunus marcidulus White, 1889:20—21, pl. 4, figs. 12, 13. 

Diagnosis: Relatively large Liocium with subsutural col- 

labral riblets as well as numerous irregularly shaped to 

rounded pits on penultimate and body whorls. 

Description: Shell very small (up to 7 mm in height), 

elongate tear-drop. Spire high, forming 37% of shell 

height. Pleural angle 27°. Protoconch unknown. Teleo- 

conch whorls six, sides flattish on earlier spire whorls, 

becoming convex on more mature whorls. Suture slightly 

impressed to very slightly obscured by glossy surface in- 

ductura; suture occasionally with a narrow subsutural 

darkish area anteriorly, developing into a low ramp on 

later whorls. Earliest four spire whorls smooth, glossy, 

somewhat translucent; approximately at whorl 4.5, scat- 

tered punctae appear on posterior half of whorl. Remain- 

ing part of teleoconch (more mature half of penultimate 

whorl and body whorl) with weak to very weak collabral 

riblets on ramp area and numerous pits (punctae) else- 

where. Collabral riblets orthocline to slightly opistho- 

cline, numerous, and closely spaced, with interspaces 

about as wide as riblets. Pit distribution variable, ranging 

from roughly aligned vertical rows (usually on penulti- 

mate whorl) to approximately 15 obliquely spiral rows, 

except between ramp and shoulder, where pits can merge 

into irregular interspaces between collabral riblets and 

producing withered or wrinkled appearance. Pit density 

variable, ranging from somewhat widely distributed (usu- 

ally on penultimate whorl) to concentrated. Aperture 

ovate, acute posteriorly. Anterior end very slightly twist- 

ed, anterior notch shallow but distinct. Outer lip some- 

what thickened and projected anteriorly. Inner lip lightly 

callused and smooth. 

Dimensions of holotype: Incomplete specimen of three 

whorls, height 6.4 mm, diameter 2.9 mm. 

Holotype: USNM 20127. 

Type locality: Exact location unknown. Chico Forma- 

tion, probably Butte County, northern California. 

Geologic age: Early Campanian, zones of Submortoni- 

ceras chicoense and Baculites chicoensis. 

Distribution: Chico Formation, Ten Mile Member, Big 

Chico Creek, Butte County, northern California. 

Discussion: The description of this species given above 

is based on five specimens that show generally good pres- 

ervation. Three of these are from LACMIP loc. 23643 in 

the Ten Mile Member of the Chico Formation, and the 

best preserved specimen is shown in Figures 10 and 11. 
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Ten other specimens are also from this locality, but they 

are badly weathered, fragmental, and consist only of spire 

whorls. Seven specimens of L. marcidulus? from LAC- 

MIP loc. 23648, also in the Ten Mile Member, are frag- 

mental and consist only of the earliest four or fewer, 

smooth teleoconch whorls. More mature whorls are need- 

ed for positive specific identification. 

Stewart (1927) was the first to suggest that “‘“Faunus”’ 

marcidulus White (1889:20—21, pl. 4, figs. 12, 13) might 

be related to Liocium. 

Liocium marcidulum differs from Liocium punctatum 

by having larger size, subsutural collabral riblets on ma- 

ture whorls, and much more prominent and complex 

sculpture. 

Superfamily CALYPTRAEOIDEA Lamarck, 1809 

Family TRICHOTROPIDAE H. & A. Adams, 1854 

Genus Astandes Wade, 1917 

Type species: Astandes densatus Wade, 1917, by mon- 

otypy; Late Cretaceous (Maastrichtian), Tennessee, Wy- 

oming, Montana, and Colorado. 

Diagnosis: Shell small, high turbiniform. Whorls convex 

with spiral cords and collabral ribs, latter becoming ob- 

solete on siphonal neck. Anomphalous. Aperture D- 

shaped. Siphonal canal small but distinct. Outer lip thick- 

ened. Parietal wall callused. Growth lines prosocline. 

Discussion: Astandes was assigned to Trichotropidae by 

Wenz (1940) and Sohl (1960). Beu & Maxwell (1987: 

16), however, reported that Astandes densatus appears to 

belong to Cancellariidae, but they provided no discussion 

as to why. 

Astandes? salsa Squires & Saul, sp. nov. 

(Figures 12—16) 

Atresius liratus Gabb. Jones et al., 1978:pl. 1, fig. 20 [mis- 

identified]; non A. liratus Gabb, 1869. 

Diagnosis: Astandes? with weak to moderately strong 

beaded-cancellate sculpture and only spiral cords only an- 

terior to body whorl periphery. Pleural angle approxi- 

mately 40°. Body whorl relatively narrow. 

Description: Shell small (up to 11.5 mm in height), tur- 

biniform. Spire high, forming approximately 48% of shell 

height. Pleural angle approximately 40°. Protoconch un- 

known. Teleoconch whorls approximately seven, convex. 

Suture impressed. Whorls covered by numerous spiral 

cords and more widely spaced and stronger collabral ribs, 

intersections forming beaded-cancellate pattern of vari- 

able strength from weak to moderately strong. Collabral 

ribs extending from suture to suture on spire whorls but 

obsolete anterior to body whorl periphery. Body whorl 

base and siphonal neck having only spiral cords; spirals 
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on base variable in strength, slightly stronger spirals 

forming slight angulation on some specimens. Siphonal 

neck sometimes having slightly wider spiral cords, with 

or without single thread in interspaces. Aperture appar- 

ently oval. Siphonal canal small but distinct. Inner lip 

smooth with slight callus (projecting?). Growth lines pro- 

socline. 

Dimensions of holotype: Nearly complete specimen of 

seven whorls, height 10.7 mm, diameter 5 mm. 

Holotype: LACMIP 12504. 

Type locality: LACMIP loc. 10733, 40°39/55’N, 
122°11'23"W. 

Paratypes: LACMIP 12505 to 12507. 

Geologic age: Turonian. 

Distribution: Redding Formation, Bellavista Sandstone 

Member and Frazier Siltstone Member (type locality), 

east of Redding, Shasta County, northern California; 

Ladd Formation, Baker Canyon Member and lower part 

of Holz Shale Member, Santa Ana Mountains, Orange 

County, southern California. 

Discussion: Specimens are usually weathered and abun- 

dant at every locality in the Redding Formation, but are 

rare at the Santa Ana Mountains localities. Usual size is 

approximately 7 mm in height. The strength of the beaded 

sculpture is variable, ranging from very low and elongate 

to moderately high and easily seen. The strength of the 

spiral sculpture is variable on the body whorl base. Some 

specimens have a slight basal angulation, and this angu- 

lation coincides with one or several, slightly stronger and 

usually slightly wider spiral cords. On some of these 

same specimens, the spiral cords on the siphonal neck are 

slightly wider and with a single thread in the interspaces. 

Other specimens lack an angulation, and the spiral ribbing 

on the siphonal neck cannot be discerned. Both variants 

can occur at the same locality. 

Although Wade (1926) characterized Astandes as hav- 

ing a denticulate outer lip, Sohl (1967) was unable to 

verify the presence of denticles on the inner surface of 

the outer lip. According to Sohl (1960), genus Astandes 

is known with certainty only from its type species A. den- 

satus Wade (1917:298—299, pl. 17, figs. 7, 8; Wade, 1926: 

158, pl. 54, figs. 19, 20; Wenz, 1940:fig. 2622 [two 

views]; Sohl, 1960:92, unfig.; Sohl, 1967:23—24, pl. 4, 

figs. 1-5, 10, 12), which is of Maastrichtian age and from 

Tennessee, Wyoming, Montana, and Colorado. The new 

species resembles A. densatus but differs by having a nar- 

rower body whorl, beaded sculpture, weaker spiral and 

collabral sculpture, and more widely spaced collabral 

ribs. The new species also has a siphonal canal, but, be- 

cause of poor preservation, it is not known if A. densatus 

has one. Until better preserved specimens of A. densatus 

are found, the new species can be only tentatively as- 

signed to this genus. 

In addition to the type species, Wade (1917, 1926) in- 

cluded, within his concept of Astandes, two European 

Late Cretaceous species: Tritonium cretaceum (Miiller, 

1851:47—48, pl. 5, figs. 2a, b) from the Campanian Aa- 

chen Greensand of Vaals, Germany, and Tritonium cf. T. 

cretaceum Miiller of Kaunhowen (1897:77, pl. 9, figs. 4, 

Aa; pl. 13, fig. 12) from Maastrichtian strata of Belgium. 

These two species are rather poorly known (Sohl, 1960), 

but judging from illustrations, the new species differs 

from 7. cretaceum by having a narrower body whorl, 

weaker but more numerous collabral ribs, collabral ribs 

obsolete anterior to body whorl periphery, and beaded 

sculpture. The new species differs from 7. cf. T. creta- 

ceum in the same ways, as well as in having weaker and 

non-sinuous spiral cords. 

The new species differs considerably from Atresius lir- 

atus (Gabb, 1869:169, pl. 28, fig. 50; Stanton, 1895:68— 

69, pl. 11, fig. 6; Stewart, 1927:426, pl. 23, fig. 3; Wenz, 

1940:893, fig. 2627) by having a notch on the anterior 

end of the aperture, collabral ribs, beaded sculpture, many 

more spiral cords, a columellar callus, prosocline growth 

lines (rather than orthocline ones, except for a slight bend 

at the anterior suture), and no subsutural cord. Atresius 

liratus is known from Lower Cretaceous (Hautiverian) 

Figures 3—20. Specimens coated with ammonium chloride and from east of Redding, unless otherwise stated. 

Figures 3—6. Liocium punctatum Gabb, 1869. Figures 3, 4. Holotype ANSP 4251, Colusa County, 12.9. Figure 

3. Apertural view. Figure 4. Abapertural view. Figures 5, 6. Hypotype LACMIP 12502, LACMIP loc. 24365, «11.5. 

Figure 5. Left-lateral view. Figure 6. Basal view. Figures 7-11. Liocium marcidulum (White, 1889). Figures 7-9. 

Holotype USNM 20127, Butte County, <9.4. Figure 7. Apertural view. Figure 8. Abapertural view. Figure 9. Basal 

view. Figures 10, 11. Hypotype LACMIP 12503, LACMIP loc. 23643, Chico Creek, <8.7. Figure 10. Apertural 

view. Figure 11. Abapertural view. Figures 12—16. Astandes? salsa Squires & Saul, sp. nov. Figures 12, 13. Holotype 

LACMIP 12504, LACMIP loc. 10733, 5.1. Figure 12. Apertural view. Figure 13. Abapertural view. Figure 14. 

Paratype LACMIP 12505, LACMIP loc. 10733, apertural view, <5. Figure 15. Paratype LACMIP 12506, LACMIP 

loc. 10815, apertural view, 7.5. Figure 16. Paratype LACMIP 12507, LACMIP loc. 10736, abapertural view, <4.5. 

Figures 17-20. Plectocion curvirostris (Gabb, 1864). Figures 17,18. Hypotype LACMIP 12508, LACMIP loc. 

24104, X1.9. Figure 17. Apertural view. Figure 18. Abapertural view. Figure 19. Hypotype LACMIP 12509, LAC- 

MIP loc. 10816, apertural view, 2.5. Figure 20. Hypotype LACMIP 12510, LACMIP loc. 8133, oblique-apertural 

view, 2.8. 
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limestone deposits in the vicinity of Wilbur Springs, on 

Sulphur Creek, Colusa County, northern California (Stan- 

ton, 1895:68—69, pl. 11, fig. 6). 

Etymology: The specific name is from the Latin salsa, 

meaning salt, and refers to the occurrence of this species 

in Salt Creek, Shasta County, northern California. 

Order NEOGASTROPODA Thiele, 1929 

Superfamily MURICOIDEA Rafinesque, 1815 

Family BUCCINIDAE Rafinesque, 1815 

Subfamily FASCIOLARIINAE J. E. Gray, 1853 

Genus Plectocion Stewart, 1927 

Type species: Neptunea curvirostris Gabb, 1864; Con- 

iacian to early Santonian, east of Redding, Shasta County, 

northern California. 

Diagnosis: Shell medium, bucciniform with prominent 

subsutural collar. Body whorl shoulder rounded to tabu- 

late. Sculpture consisting of variable-strength spiral cords 

and collabral ribs, both of which can be obsolete on body 

whorl shoulder. Growth lines sinuous on body whorl 

shoulder. Aperture lenticular. Siphonal canal long and 

twisted. Outer lip somewhat crenulated. Columella with 

one low fold. 

Discussion: Plectocion resembles the fasciolariid Ornop- 

sis sensu stricto Wade, 1916, known from Maastrichtian 

deposits in the southeastern United States (Sohl, 1964). 

Plectocion differs from Ornopsis s. s. by having a smaller 

shell, no ramp, rounded rather than angulate shoulder on 

the body whorl, weaker but more numerous collabral ribs, 

and a much weaker columellar fold that is located more 

posteriorly. 

The geologic age range of Plectocion is Coniacian to 

earliest Campanian. 

Plectocion curvirostris (Gabb, 1864) 

(Figures 24—27) 

Neptunea curvirostris Gabb, 1864:88, 222, pl. 18, fig. 37; 

1869, p. 216. 
Plectocion curvirostris (Gabb). Stewart, 1927:405—406, pl. 

23, figs. 12-14. 

Diagnosis: Plectocion with swollen collar with wide spi- 

ral interspace near collar. Spiral cords wide and strong; 

collabral ribs predominantly on immature whorls. Body 

whorl shoulder can have obsolete to weak spiral threads 

and either short, strong collabral ribs or prominently 

curved growth lines. 

Description: Shell medium (up to approximately 35 mm 

in height), bucciniform. Spire low to moderately high, 

forming approximately 13 to 26% of shell height. Pleural 
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angle approximately 65°. Protoconch unknown. Teleo- 

conch whorls approximately five (estimated), spire whorls 

sloping and flat sided, body whorl subglobose to mod- 

erately convex. Suture impressed and bordered by swol- 

len collar. Sculpture consisting only of spiral cords or 

predominantly of spiral cords, with variable development 

of weak to obsolete collabral ribs. Upper spire sculpture 

of very fine spiral threads, in some cases subcancellate, 

with collabral ribs (if present) strongest. Penultimate- 

whorl spiral threads usually crossed by numerous and low 

collabral ribs, becoming obsolete toward anterior suture. 

Body whorl usually covered by wide and strong, flattish 

spiral cords; closely spaced, especially on body whorl 

shoulder, with interspaces widening somewhat on body 

whorl base; widest interspace usually between subsutural 

collar and posteriormost spiral cord on body whorl. 

Sculpture on body whorl shoulder area quite variable. Im- 

mature specimens (approximately less than 26 mm high) 

usually with numerous and closely spaced, short, proso- 

cline, collabral ribs extending from subsutural collar to 

body whorl shoulder and producing beaded appearance 

where crossing collar and spiral cords. On some immature 

specimens (usually late juveniles, but also, rarely early 

juveniles) body whorl shoulder smoothish with weak to 

obsolete spiral threads and with either short collabral ribs 

or prominent growth lines. On late-stage immature spec- 

imens, collabral ribs on body whorl shoulder becoming 

much weaker toward outer lip. Siphonal neck narrow, 

with spiral ribbing obsolete. Aperture lenticular. Siphonal 

canal relatively long, bent to left, and slightly upturned. 

Outer lip with several crenulations on inside. Columella 

thinly callused and smooth except for one low fold (near 

mid-point of inner lip) extending deep into aperture and 

one weaker parietal fold. Growth lines usually distinct, 

opisthocyrt on shoulder, and parasigmoidal on remaining 

part of body whorl. 

Dimensions of lectotype: Nearly complete specimen of 

approximately four whorls, height 18 mm, diameter 7.5 

mm. 

Lectotype: ANSP 4185. 

Type locality: Exact location unknown. East of Redding, 

Shasta County, northern California. 

Geologic age: Coniacian to early Santonian. 

Distribution: CONIACIAN: Redding Formation, Mem- 

bers IV and V (lowermost part), east of Redding, Shasta 

County, northern California; Chico Formation, lower and 

upper parts of Ponderosa Way Member, Big Chico Creek, 

Butte County, northern California. LOWER SANTONI- 

AN: Members V and VI, east of Redding, Shasta County, 

northern California. 

Discussion: Plectocion curvirostris is usually abundant 

wherever found. At most localities it is usually well pre- 
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served, although the siphonal canal is nearly always bro- 

ken off. 

There is considerable variability in the development of 

collabral ribs on P. curvirostris. Some specimens seem- 

ingly do not have any, whereas most others, especially 

juveniles, have numerous, closely spaced collabrals. On 

late-stage juveniles, these collabrals tend to become ob- 

solete, and no late-stage adults have collabral ribs on the 

body whorl. There is also variability in the development 

of the spiral cords. At 14 out of 17 localities, all speci- 

mens have spiral cords on the body whorl shoulder. At 

two localities, some specimens have weak to obsolete spi- 

ral cords on the body whorl shoulder (Figures 23, 24). 

These are LACMIP loc. 23617, where seven out of 50 

individuals (ranging from 6 to 16 mm high) collected 

have the feature, and LACMIP loc. 24106, where 20 in- 

dividuals (ranging from 13 to 26 mm high) out of the 

nearly 300 specimens collected have the feature. At both 

of these localities, however, there is gradation between 

those with and without the feature. At LACMIP loc. 

10822, all 12 specimens (ranging in height from 7.5 to 

25.5 mm) have weak to obsolete spiral cords on the body 

whorl shoulder. These different cord conditions are within 

the range of variation shown by the species. 

Plectocion montis Squires & Saul, sp. nov. 

(Figures 25—28) 

Diagnosis: Small Plectocion with relatively high spire. 

Subsutural collar barely noded. Strong and curved col- 

labral ribs on posterior half of tabulated body whorl; fine 

spiral cords on medial and anterior parts of body whorl. 

Description: Shell small (up to 22.1 mm in height), buc- 

ciniform. Spire moderately high, forming approximately 

18% of shell height. Pleural angle approximately 47°. 

Protoconch unknown. Teleoconch whorls five to six, body 

whorl with noded-tabulate shoulder and broadly rounded 

sides anterior to shoulder. Suture impressed and bordered 

by a prominent swollen collar bearing low nodes. Area 

between subsutural collar and tabulated shoulder concave, 

with prominent growth lines. Penultimate whorl with 

strong collabral ribs. Posterior half of body whorl with 

numerous, closely spaced, elongate, and curved-collabral 

ribs extending toward body whorl base; interspaces with 

fine spiral cords, not crossing collabral ribs and becoming 

obsolete toward outer lip. Spiral cords better developed 

on anterior part of body whorl but obsolete on neck. Ap- 

erture lenticular. Siphonal canal bent to left. Columella 

relatively straight, inner lip smooth. Growth lines opisth- 

ocyrt on shoulder, parasigmoidal on remaining part of 

body whorl. 

Dimensions of holotype: Incomplete specimen of 1.5 

whorls (spire missing), height 12.5 mm, diameter 8.6 mm. 

Holotype: LACMIP 12514. 

Type locality: LACMIP loc. 24081, 39°38'N, 

121°34'50"W. 

Paratype: LACMIP 12515. 

Geologic age: Latest Santonian to earliest Campanian. 

Distribution: UPPERMOST SANTONIAN: Chico For- 

mation, Musty Buck Member, Big Chico Creek, northern 

California. LOWERMOST CAMPANIAN: Chico For- 

mation, Pentz Road member (informal), Pentz area, 

northern California (type locality). 

Discussion: The new species is based on three specimens. 

Only one has its spire, but the specimen has been abraded 

and the collabral ribs are not very prominent. The new 

species differs from P. curvirostris by having a stronger 

collar, nodes on the collar, more swollen collabral ribs 

that extend farther across body whorl, much finer spiral 

cords, and spiral cords that do not cross the collabral ribs. 

Etymology: The specific name is from the Latin montis, 

meaning mountain, and refers to the occurrence of this 

species in the Sierra Nevada foothills. 

Genus Micasarcina Squires & Saul, gen. nov. 

Type species: Micasarcina vallis, sp. nov.; Coniacian 

east of Redding, northern California. 

Diagnosis: Shell small, fusiform with two small folds on 

columella; posteriormost fold very weak. Subsutural cord 

somewhat weak to obsolete. Prominent flat-topped spiral 

cords. Collabral ribs obsolete anterior of medial part of 

body whorl. 

Discussion: The new genus resembles the fossil illustrat- 

ed by Taylor et al. (1983:text-fig. 3b, J) under the nomen 

nudum Iscafusus. The new genus differs from this Lower 

Cretaceous (upper Albian) gastropod from England by 

having a lower spire with fewer whorls, subsutural cord, 

straighter siphonal canal, and much less carinate body 

whorl shoulder with more closely spaced and weaker col- 

labral ribs. 

Micasarcina somewhat resembles Plectocion, espe- 

cially in terms of the two small folds on the columella, 

but Micasarcina has a more slender shell, higher spire, 

and a much weaker to obsolete subsutural collar. 

The geologic age of Micasarcina is Coniacian. 

Etymology: The generic name, a combination of the Lat- 

in mica, meaning bit or grain, and sarcina, meaning bun- 

dle, is descriptive of the small size. A generic name end- 

ing in sarcina is of feminine gender. 

Micasarcina vallis Squires & Saul, sp. nov. 

(Figures 29—32) 

Diagnosis: Same as for genus. 

Description: Shell small (largest studied specimen in- 
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complete, height 19 mm, diameter 9.6 mm, and of 2.5 

whorls), fusiform. Spire moderately high, forming ap- 

proximately 25% of shell height. Pleural angle approxi- 

mately 45°. Protoconch missing. Teleoconch whorls ap- 

proximately five, convex. Suture moderately impressed. 

Ramp narrow, widest and more clearly demarked on body 

whorl; ramp bearing subsutural cord of varying strength 

from somewhat weak to obsolete. Earliest 1.5 teleoconch 

whorls smooth. Remaining part of spire and posterior 

third of body whorl having subcancellate sculpture, with 

collabral ribs slightly stronger than spiral cords; intersec- 

tions with low nodes. Collabral ribs moderately strong 

and strongest on body whorl shoulder, closely spaced 

with interspaces about as wide as collabral ribs, extending 

from suture to suture but fading out anterior of medial 

part of body whorl, 18 on body whorl shoulder, 17 on 

penultimate whorl, and approximately 21 on ante-penul- 

timate whorl. Spiral cords flat topped and bandlike, mod- 

erately wide, closely spaced with narrow and flat-bot- 

tomed grooved interspaces, grooves about 4% to % width 

of spiral bands (widest at shoulder of body whorl); about 

seven spiral bands on spire whorls showing sculpture. 

Spiral cords much closer spaced and with much narrower 

grooved interspaces on siphonal neck. Aperture elliptical 

and long, just slightly over % of shell height. Siphonal 

canal straight, with a slight twist? Columella with a 

smooth and moderately thick callus and two small, 

oblique folds; anteriormost fold about midway of aperture 

length; posteriormost fold in anterior parietal region and 

very weak. Growth lines opisthocyrt, with maximum cur- 

vature at shoulder. 

Dimensions of holotype: Nearly complete specimen of 

five whorls, height 16.4 mm, diameter 6.6 mm. 

Holotype: LACMIP 12516. 

Type locality: LACMIP loc. 10816, 40°38’10’N, 122°6’W. 

Paratypes: LACMIP 12517 to 12518. 

Geologic age: Coniacian. 

Distribution: Redding Formation, Member IV, east of 

Redding, Shasta County, northern California. 

Discussion: This new species is based on 29 specimens, 

12 of which are complete. All the specimens are from 

LACMIP loc. 10816. The earliest 1.5 teleoconch whorls 

are only preserved on the holotype, and they are smooth. 

This smoothness, however, might be the result of abra- 

sion. 

Etymology: The specific name is from the Latin vallis, 

meaning valley, and refers to the occurrence of this spe- 

cies in the Great Valley of California. 

Genus Mylecoma Squires & Saul, gen. nov. 

Type species: Mylecoma vacca, sp. nov.; Coniacian, east 

of Redding, northern California. 

Diagnosis: Shell small, fusiform with tabulate whorls, 

strong spiral ribs, and three columellar folds. 

Discussion: The new genus is similar to Turehua Mar- 

wick, 1943. According to Beu & Maxwell (1987), Ture- 

hua has a chronologic range of Eocene to Pliocene, a 

geographic distribution confined to Europe and New Zea- 

land, and a morphology that has the least resemblance to 

“typical cancellariids.”” Mylecoma differs from Turehua 

by having three rather than two columellar folds and no 

growth ridges at an angle to the collabral sculpture. 

The geologic age of Mylecoma is Coniacian. 

Etymology: The generic name, a combination of the 

Greek myle, meaning mill, and kome, meaning village, 

refers to the occurrence of this genus in the Millville 

Quadrangle. 

Mylecoma vacca Squires & Saul, sp. nov. 

(Figures 33-37) 

Diagnosis: Same as for genus. 

Description: Shell small (up to 21.4 mm in height), fu- 

siform. Spire high, forming approximately 32% of shell 

height. Pleural angle 55°. Protoconch unknown. Teleo- 

conch whorls approximately six (estimated), uppermost 

spire whorls convex, penultimate and body whorls tabu- 

late with shallowly concave ramp. Suture moderately im- 

Figures 21-35. All specimens coated with ammonium chloride and from east of Redding. Figures 21—24. Plec- 

tocion curvirostris (Gabb, 1864). Figure 21. Hypotype LACMIP 12511, LACMIP loc. 24106, abapertural view, <4. 

Figure 22. Hypotype LACMIP 12512, LACMIP loc. 24106, abapertural view, X2.5. Figures 23, 24. Hypotype 

LACMIP 12513, LACMIP loc. 10822, 2.5. Figure 23. Apertural view. Figure 24. Abapertural view. Figures 25— 

28. Plectocion montis Squires & Saul, sp. nov. Figures 25, 26. Holotype LACMIP 12514, LACMIP loc. 24081, 

X3.8. Figure 25. Apertural view. Figure 26. Left-lateral view. Figures 27, 28. Paratype LACMIP 12515, LACMIP 

loc. 22406, <3.5. Figure 27. Apertural view. Figure 28. Abapertural view. Figures 29-32. Micasarcina vallis Squires 

& Saul, gen. & sp. nov., LACMIP loc. 10816. Figures 29, 30. Holotype LACMIP 12516, 4.1. Figure 29. Apertural 

view. Figure 30. Abapertural view. Figure 31. Paratype LACMIP 12517, apertural view, <4.6. Figure 32. Paratype 

LACMIP 12518, abapertural view, 3.5. Figures 33-35. Mylecoma vacca Squires & Saul, sp. nov., holotype 

LACMIP 12519, LACMIP loc. 10815, 2.6. Figure 33. Apertural view. Figure 34. Columellar view. Figure 35. 

Abapertural view. 
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pressed. Sculpture consisting of moderately strong col- 

labral ribs crossed by weaker but prominent spiral cords. 

Collabral ribs orthocline, extending from suture to suture 

and to body whorl base. Collabral ribs most swollen on 

body whorl shoulder but decreasing in strength toward 

outer lip, with approximately 12 on body whorl and 13 

on penultimate whorl. Collabral-rib interspaces approxi- 

mately as wide as ribs, with interspaces narrowing to 

about one third as wide as collabral ribs on body whorl 

shoulder. Spiral cords relatively closely spaced on spire 

whorls, with alternating strong and slightly weaker spiral 

cords on penultimate whorl (four strong ones and four 

weaker ones); approximately 18 spiral cords covering 

body whorl, from ramp area to base of neck. Aperture 

lenticular. Siphonal canal moderately narrow, tip missing. 

Outer lip mostly missing. Parietal callus thin, columellar 

callus thicker. Columella with three folds; posterior two 

stronger and closer together than third fold, middle fold 

strongest. 

Dimensions of holotype: Nearly complete specimen of 

five whorls, height 21.4 mm, diameter 10.8 mm. 

Holotype: LACMIP 12519. 

Type locality: LACMIP loc. 

122°11'55"W. 

Paratype: LACMIP 12520. 

10815, 40°39'05"N, 

Geologic age: Turonian. 

Distribution: Redding Formation, Frazier Siltstone 

Member, east of Redding, Shasta County, northern Cali- 

fornia. 

Discussion: The new species is most similar to a speci- 

men of Angistoma (Angistoma) coarctata (Beyrich) of 

Griindel (1997:12-13, pl. 3, fig. 5) from Oligocene de- 

posits in Germany. The new species differs from this Ger- 

man specimen by having three rather than two columellar 

folds, stronger spiral ribs, and collabral ribs that extend 

onto the ramp area. Griindel (1997) placed the German 

specimen in Angistoma Sandberger, 1861 [non Angysto- 

ma Schumacher, 1817 = a pulmonate gastropod]. Glibert 

(1963), however, had designated the type species of An- 

gistoma to be Fusus ringens Beyrich (1856:25, pl. 16, 

figs. la—b, 2a—b) from lower Oligocene (Lattorfian Stage) 

deposits of northern Germany, and F. ringens has about 

10 folds on the posterior two-thirds of the columella, as 

well as an outer lip with a toothed-interior structure. 

These diagnostic features of Angistoma are not present 

on A. (A.) coarctata of Griindel (1997). 

The new species resembles the cancellariid Turehua 

lividorupis Beu & Maxwell (1987:19—20, text fig. 2k, pls. 

2c, f-j, m) from upper? Oligocene and lower Miocene 

beds of New Zealand. The new species differs from 7. 

lividorupis by having three (rather than two) columellar 

folds, stronger and more numerous spiral cords, and no 

growth ridges at an angle to the collabral sculpture. 

Etymology: The specific name is from the Latin vacca, 

meaning cow, and refers to the occurrence of this species 

in Little Cow Creek. 

Family VOLUTIDAE Fleming, 1822 

Subfamily CALLIOTECTINAE Pilsbry & Olsson, 

1954 

Genus Fusivoluta von Martens, 1902 

Type species: Voluta (Fusivoluta) anomala von Martens, 

1902; by subsequent designation (Smith, 1942); Recent, 

eastern Africa. 

Diagnosis (modified after Weaver & du Pont, 1970): 

Shell medium sized, fusiform. Protoconch medium to 

large, bulbous or cylindrical, rarely with nucleus situated 

laterally. Spiral sculpture on some or all of the whorls 

and of variable strength. Siphonal fasciole absent. Aper- 

ture elongate to wide ovate. Siphonal notch weak or ab- 

sent. Outer lip thin to thick and can be flared. Columella 

without folds, although juvenile specimens can have one 

anterior fold. Periostracum thin and transparent. Opercu- 

lum horny. 

Discussion: Fusivoluta is very similar to the volutids Ter- 

amachia Kuroda, 1931, and Calliotectum Dall, 1890. Fu- 

sivoluta differs from Teramachia by having less extensive 

and weaker collabral ribs, presence of spiral lirae, and no 

subsutural collar. Fusivoluta differs from Calliotectum by 

being of larger size, having a more elongate and slenderer 

shell, having weaker collabral ribs, and being covered 

with much stronger spiral lirae. The geologic age range 

of Teramachia is Pliocene (Ecuador and Okinawa) to Re- 

cent (Noda, 1998), and that of Calliotectum is Recent 

(Wenz, 1943). 

Prior to this present report, Fusivoluta was known only 

from the Recent record (Wenz, 1943). Although modern 

Fusivoluta can occur in shallow waters, it mostly occurs 

in deep water (71-731 m) (Weaver & du Pont, 1970). 

Fusivoluta cretacea Squires & Saul, sp. nov. 

(Figures 38—41) 

Diagnosis: Medium Fusivoluta with distinct but very fine 

spiral threads covering teleoconch. Collabral riblets only 

moderately prominent and on upper spire whorls. Teleo- 

conch whorls rounded (not tabulate). Outer lip showing 

no indications of being effuse. No folds on columella. 

Description: Shell medium (up to 52.6 mm in height), 

fusiform. Spire high, forming approximately 47% of shell 

height. Thin shelled. Pleural angle 26°. Protoconch miss- 

ing. Teleoconch whorls approximately eight, rounded. Su- 

ture relatively impressed. Upper spire whorls angulate, 

with low ramp. Sculpture consisting of very fine spiral 

lirae on entire teleoconch (approximately 24 on penulti- 
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Figures 36—43. All specimens coated with ammonium chloride and from east of Redding. Figures 36, 37. Mylecoma vacca Squires & 

Saul, sp. nov., paratype LACMIP 12520, LACMIP loc. 10777, X6.7. Figure 36. Apertural view. Figure 37. Abapertural view. Figures 

38-41. Fusivoluta cretacea Squires & Saul, sp. nov., LACMIP loc. 10845. Figures 38—40. Holotype LACMIP 12521, <1.3. Figure 38. 

Apertural view. Figure 39. Columellar view. Figure 40. Abapertural view. Figure 41. Paratype LACMIP 12522, apertural view, 1.6. 

Figures 42, 43. Echinimathilda querna Squires & Saul, sp. nov., holotype LACMIP 12523, LACMIP loc. 10816, 7.1. Figure 42. 

Apertural view. Figure 43. Abapertural view. Mathilda sp. Squires & Saul, sp. nov. 

mate whorl) and collabral riblets only on earlier spire 

whorls of teleoconch. Collabral riblets narrow, numerous, 

approximately 16; obsolete on middle-spire whorls and 

body whorl. Spiral lirae numerous, closely spaced, and 

with very narrow interspaces. Aperture narrow. Siphonal 

canal straight, fasciole absent. Outer lip thin, incomplete. 

Columella with thin? smooth callus, no folds apparent. 

Growth lines generally straight near posterior suture, op- 

isthocline elsewhere; prominent on middle-spire whorls 

and on body whorl. 

Dimensions of holotype: Mostly complete and of 7.5 

whorls (missing tip and anterior end), height 52.6 mm, 

diameter 17.9 mm (crushed). 

Holotype: LACMIP 12521. 

Type locality: LACMIP loc. 

122°01'30"W. 

Paratype: LACMIP 12522. 

10845, 40°38'05’N, 

Geologic age: Early Santonian. 

Distribution: Redding Formation, Member V, Clover 

Creek, east of Redding, Shasta County, northern Califor- 

nia (type locality); Ladd Formation, ?Holz Shale Member, 

Santa Ana Mountains, Orange County, southern Califor- 

nia. 

Discussion: This new species is based on four specimens, 
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and three of these are from the type locality. One of the 

specimens from the type locality is the largest. Although 

it is a partial internal mold showing only the penultimate 

and body whorls, it is 46 mm in height and 22 mm in 

diameter. The specimen questionably from the Holz Shale 

Member is missing the upper part of its spire and some 

of its shell. 

In terms of overall shape, the new species is most sim- 

ilar to the modern-day Fusivoluta barnardi Rehder (1969: 

207-208, pl. 40, fig. 9; pl. 43, figs. 40-43; Weaver & du 

Pont, 1970:182—183, pl. 77A—B) found off the Natal coast 

of South Africa. The new species differs from F. barnardi 

by having much coarser spiral ribs that do not become 

obsolete on later whorls, as well as by having a narrower 

aperture whose outer lip apparently does not flare out- 

ward. In terms of sculpture, the new species is most sim- 

ilar to the modern-day Fusivoluta clarkei Rehder (1969: 

206-207, pl. 40, fig. 8; pl. 43, figs. 37-39; Weaver & du 

Pont, 1970:193—194, pl. 77C—D), found off Mozambique. 

The new species differs from F. clarkei by having more 

numerous spiral threads and a narrower aperture whose 

outer lip apparently does not flare outward. 

Etymology: The specific name refers to the Cretaceous 

Period. 

Subclass HETEROBRANCHIA Gray, 1840 

Order HETEROSTROPHA Fischer, 1885 

Superfamily ARCHITECTONICOIDEA Gray, 

1840 

Family MATHILDIDAE Dall, 1889 

Discussion: The mathildids have remained basically un- 

changed in their morphology since the Triassic (Bandel, 

1995). Both fossil and modern mathildids are poorly stud- 

ied, and today they are a deep-water group with about 

130 extant nominal species in the Atlantic and Indo-Pa- 

cific oceans (Bieler, 1995). 

Genus Echinimathilda Sohl, 1960 

Type species: Mathilda (Echinimathilda) corona Sohl, 

1960, by original designation; Campanian to Maastrich- 

tian, Mississippi. 

Diagnosis (modified after Sohl, 1960 and Dockery, 

1993): Shell small to medium, turritelliform. Protoconch 

partly submerged and anastrophic. Teleoconch whorls 

shouldered and basally angulate, sides rounded. Sculpture 

of strong spiral cords and finer collabral riblets. Aperture 

semicircular to subovate. Columellar lip reflected. 

Discussion: The geologic age range of Echinimathilda is 

Coniacian to Maastrichtian, and prior to this report, it was 

known only from Campanian and Maastrichtian strata in 

Mississippi (Dockery, 1993). 

The Veliger, Vol. 46, No. 2 

Echinimathilda querna Squires & Saul, sp. nov. 

(Figures 42, 43) 

Diagnosis: Small to medium Echinimathilda with closely 

spaced, wide, and flattish spiral cords. Growth lines most 

prominent in interspaces. 

Description: Shell very small (up to approximately 8 mm 

in height), turritelliform. Spire high, forming approxi- 

mately 58% (restored) of shell height. Shell white-trans- 

lucent. Pleural angle 22°. Protoconch unknown. Teleo- 

conch whorls seven (estimated), sides lowly convex. Su- 

ture moderately impressed, with single minute-subsutural 

spiral thread posterior to suture. Sculpture consisting of 

spiral cords and raised growth lines. Spiral cords promi- 

nent, becoming slightly stronger anteriorly on each whorl. 

Spiral cords flattish, closely spaced, and twice as broad 

as narrow interspaces. Five spiral cords on spire whorls, 

seven on body whorl between suture and base, and three 

weaker ones on flattish base of body whorl. Aperture cir- 

cular. Columella smooth. Growth lines generally straight, 

most prominent within interspaces. 

Dimensions of holotype: Incomplete specimen of 3.5 

whorls, height 7.7 mm, diameter 3.5 mm. 

Holotype: LACMIP 12523. 

Type locality: LACMIP loc. 10816, 40°38’10"N, 122°6’W. 

Geologic age: Coniacian. 

Distribution: Redding Formation, Member IV, east of 

Redding, Shasta County, northern California. 

Discussion: The above description was based on 13 spec- 

imens. Although all have good preservation of shell ma- 

terial, many are fragments. 

The new species is most similar to Echinimathilda par- 

vula (Sohl, 1960:133, pl. 18, figs. 17, 29-31; Dockery, 

1993:89-90, pl. 29, figs. 4, 5; pl. 30, figs. 1-3) from 

Campanian and Maastrichtian strata in Mississippi. Sohl 

(1960) previously identified his species as Promathilda 

(Clathrobaculus) parvula Sohl, 1960, but Dockery 

(1993), on the basis of protoconch morphology, showed 

that the species belongs to Echinimathilda. The new spe- 

cies differs from E. parvula by having wider spiral cords, 

seven rather than six spiral cords on the body whorl pos- 

terior to the base, and fewer spiral cords on the base. 

Etymology: The specific name is from the Latin quernus, 

meaning of oaks, and refers to the occurrence of this spe- 

cies on the north side of Oak Run Creek. 
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APPENDIX 

LOCALITIES CITED 

Localities are LACMIP, unless otherwise stated. All 

quadrangle maps listed below are U.S. Geological Survey 

maps. Most of the CIT localities in rocks of Turonian age 

in Stinking Creek, Salt Creek, and Little Cow Creek, all 

east of Redding, were plotted by Jones et al. (1978:fig. 

5). Some of the CIT localities in Oak Run, Clover Creek, 

and Basin Hollow, all east of Redding, were plotted on 

Matsumoto (1960:fig. 2). 

8133. [= CIT 1034 = LACMIP 10869 = LACMIP 

24104]. Calcareous lens in shale, on S side of road, 

10.5 km NE from juncture of Oak Run Road and Mill- 

ville Road, and 488 m S and 396 m E of NW corner 

of section 16, T. 32 N, R. 2 W, Millville Quadrangle 

(15 minute, 1953), Shasta County, northern California. 

Redding Formation, Member IV. Age: Coniacian. Col- 

lector: W. P. Popenoe, date unknown. 

10733. [= CIT loc. 1210]. Shale outcrops on right bank 

of Salt Creek, just upstream from prominent bend in 

creek, about 0.8 km N of the Alturas-Redding highway, 

335 m N11°30’E from NE corner of section 3, T. 32 

N, R. 3 W, Millville Quadrangle (15 minute, 1953), 

Shasta County, northern California. Redding Forma- 

tion, Frazier Siltstone Member. Age: Turonian. Collec- 

tors: W. P. Popenoe & C. Ahlroth, June 27, 1936. 

10736. [= CIT loc. 1206 = LACMIP loc. 10727]. Hard 

fossiliferous bed in shale at N end of bluff along banks 

of Dry Creek, in field on E side of Bellavista-Sherman 

Road, 1.7 km N of Redding-Alturas Highway (U.S. 

299), 686 m N6°15’E from SE corner of section 6, T. 

32 N, R. 3 W, Millville Quadrangle (15 minute, 1953), 

Shasta County, northern California. Redding Forma- 

tion, Frazier Siltstone Member. Age: Turonian. Collec- 

tors: W. P. Popenoe & C. Ahlroth, 1936. 

10777. [= CIT 1198]. Soft buff earthy sandstone in bed 

of Stinking Creek, approximately 0.4 km S of first 

fence across stream N of juncture with Dry Creek, 

1020 m N42°W of SE corner of section 6, T. 32 N, R. 

3 W, Millville Quadrangle (15 minute, 1953), Shasta 

County, northern California. Redding Formation, Bel- 

lavista Sandstone Member. Age: Turonian. Collectors: 

W. P. Popenoe & C. Ahlroth, June 21, 1936. 
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10787. [= CIT 1006]. Near crest of N slope of divide 

between Basin Hollow and Clover creeks, near NE cor- 

ner of NW 1/4 of section 33 and not more than 122 m 

S of section line, T. 32 N, R. 2 W, Millville Quadrangle 

(15 minute, 1953), Shasta County, northern California. 

Redding Formation, Member V (lower part). Age: Ear- 

ly Santonian. Collectors: W. P. Popenoe & D. W. 

Scharf, August 8, 1931. 

10794. [= CIT 1246]. Float on hillsope in Clover Creek 

on E side of ‘‘1000-foot hill,” SE 1/4 of NE 1/4 of 

section 13, T. 32 N, R. 2 W, Millville quadrangle (15 

minute, 1953), Shasta County, northern California. 

Redding Formation, Member V. Age: Early Santonian. 

Collector: W. P. Popenoe, August 1, 1936. 

10815. [= CIT 1532]. Concretions in shale, near right 

bank of Little Cow Creek, 244 m N38°W of the SE 

corner of section 4, T. 32 N, R. 3 W, Millville Quad- 

rangle (15 minute, 1953), Shasta County, northern Cal- 

ifornia. Redding Formation, Frazier Siltstone Member. 

Age: Turonian. Collectors: W. P. Popenoe & C. Ahl- 

roth, July 10, 1936. 

10816. [= CIT 1007]. Hard limy sandstone outcropping 

on lower slope of hills N of Oak Run, approximately 

0.4 km S26°E of NW corner of section 16, T. 32 N, R. 

2 W, Millville Quadrangle (15 minute, 1953), Shasta 

County, northern California. Redding Formation, 

Member IV. Age: Coniacian. Collector: W. P. Popenoe 

& D. W. Scharf, August 9, 1931. 
10819. [= Cit 1275]. On W side of South Cow Creek, in 

sandstone float in stream bed just S of old-iron bridge 

over the creek, center of NE 1/4 of section 17, T. 31 

N, R. 2 W, Millville Quadrangle (15 minute, 1953), 

Shasta County, northern California. Redding Forma- 

tion, Member V. Age: Early Santonian. Collector: V. 

Church, August 10, 1936. 

10822. [= CIT 1229]. Loose boulder picked up on slope 

of hill on S side of S branch of Oak Run, near NW 

corner of section 14, T. 32 N, R. 2 W, Millville Quad- 

rangle (15 minute, 1953), Shasta County, northern Cal- 

ifornia. Redding Formation, Member IV. Age: Conia- 

cian. Collectors: W. P. Popenoe & C. Ahlroth, July 3, 

1936. 

10823. [= CIT 1230]. South side of section line between 

sections 11 and 14, on E side of Dry Creek (a tributary 

of Oak Run) and about 0.4 km E of SW corner of 

section 11, T. 32 N, R. 2 W, Millville Quadrangle (15 

minute, 1953), Shasta County, northern California. 

Redding Formation, Member V (lowermost part). Age: 

Late Coniacian. Collectors: W. P. Popenoe & C. Ahl- 

roth, July 3, 1936. 

10845. [= CIT 1245]. High shale bank with thin sand- 

stone interbeds, right bank of Clover Creek about 0.2 

km downstream from mouth of Dry Creek and about 

0.6 km S56°E of NW corner of section 18, T. 32 N, R. 

2 W, Millville Quadrangle (15 minute, 1953), Shasta 

County, —northern California. Redding Formation, 
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Member V. Age: Early Santonian. Collector: W. P. Po- 

penoe & V. Church, August 1, 1936. 

22406. Gullies on both sides of highway approximately 

0.8 km due W of Pentz, California. Cherokee Quad- 

rangle (7.5 minute, 1949), Butte County, northern Cal- 

ifornia. Chico Formation, Pentz Road member (infor- 

mal). Age: Early Campanian. Collector: W. P. Popenoe, 

July 18, 1946. 

23617. Concretion in hard sandstone approximately 1.5 

m above streambed and approximately 15 m below 

highest prominent conglomerate, approximately 0.8 km 

upstream from Mickey’s Place on W side of Big Chico 

Creek, NW 1/4 of the SE 1/4 of section 1, T. 23 N, R. 

2 E, Paradise Quadrangle (7.5 minute, 1953). Chico 

Formation, Ponderosa Way Member. Age: Coniacian. 

Collector: R. B. Saul, August 14, 1955. 

23643. Concretionary sandstone on W side of Big Chico 

Creek, 670 m S and 762 m W of NE corner of section 

26, T. 23 N, R. 2 E, Paradise Quadrangle (7.5 minute, 

1953), Butte County, northern California. Chico For- 

mation, Ten Mile Member. Age: Early Campanian. 

Collectors: L. R. Saul & R. B. Saul, August, 1952. 

23648. Sandstone bluff on W side of Big Chico Creek, 

533 m S and 549 m E of NW corner of section 35, T. 

23 N, R. 2 E, Paradise Quadrangle (7.5 minute, 1953), 

Butte County, northern California. Chico Formation, 

Ten Mile Member. Age: Early Campanian. Collectors: 

L. R. Saul & R. B. Saul, August, 1952. 

23953. Basal conglomerate, along fault in Clover Creek, 

457 m N of SW corner of section 33, T. 32 N, R. 2 W, 

Millville Quadrangle (15 minute, 1953), Shasta Coun- 

ty, northern California. Redding Formation, Member V 

(lowermost part) of Popenoe (1943). Age: Late Con- 

iacian. Collector: W. P. Popenoe, August 29, 1957. 

24081. Fossiliferous conglomerate approximately 2.4 km 

S of Pentz along Wicks-Pentz-Magalia Road and ap- 

proximately 0.8 km E of road in W-flowing tributary 

gully to Dry Creek, near middle of section 36, T. 21 

N, R. 3 E, Cherokee Quadrangle (7.5 minute, 1949), 

Butte County, northern California. Chico Formation, 

Pentz Road member (informal). Age: Early Campani- 

an. Collector: A. Clark, 1935. 

24104. See 8133. 

24106. Fossiliferous sandstone slab on hillside N of Clo- 

ver Creek in small gully flowing S to creek, approxi- 

mately 670 m W of NE corner of section 23, T. 32 N, 

R. 2 W, Millville Quadrangle (15 minute, 1953), Shasta 

County, northern California. Redding Formation, 

Member V. Age: Early Santonian. Collector: W. P. Po- 

penoe, August 20, 1954. 

24365. In fine-grained sandstone with ammonite Roman- 

iceras, left bank of French Creek [= Swede Creek], 

approximately 152 m N and W of SE corner of section 

5, T. 32 N, R. 2 W, Millville Quadrangle (15 minute, 

1953), Shasta County, northern California. Redding 

Formation, Frazier Siltstone Member. Age: Turonian. 

Collector: W. P. Popenoe, August 25, 1957. 
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Distribution of Sister Littorina Species, I: Tenacity and the 

Wave-Exposure Gradient 

PAUL A. HOHENLOHE! 

Friday Harbor Laboratories, University of Washington, Friday Harbor, Washington 98250, USA 

Abstract. Data on the ecological differences between the sympatric gastropod species Littorina scutulata and L. 

plena are limited, in part because they were long regarded as one species and are difficult to distinguish in the field. I 

examined their relative distributions along a wave-exposure gradient and tested for differences in adaptations to wave 

stress by measuring foot length, width, and area across a size range of individuals, and by measuring tenacity on rock 

and glass substrata in the laboratory. The species were found together at most sites, and both species were found at all 

levels of wave exposure. Within each species, shell height was strongly related to foot length, width, and area, and to 

tenacity. Tenacity was directly proportional to foot area, but foot size did not scale isometrically with shell height; larger 

animals had proportionally smaller feet. Thus the tenacity/drag ratio is also lower for larger snails. The species did not 

differ from each other in any of these relationships. The distribution results lend support to the hypothesis that L. plena 

is associated with areas of freshwater inflow, such as estuaries and shores near the mouths of rivers, more than its 

congener. 

INTRODUCTION 

The gastropod species Littorina scutulata Gould, 1849, 

and L. plena Gould, 1849, are broadly sympatric in the 

northeast Pacific, inhabiting the high intertidal and splash 

zone of rocky shores. They were long regarded as one 

variable species (Reid, 1996) and are not easily distin- 

guished in the field. As a result, several studies (e.g., 

Chow, 1975; Jensen, 1981) may have lumped the two 

species. Behrens Yamada (1992) found “‘Littorina scu- 

tulata sensu lato”’ to have a wider ecological niche than 

other Littorina species considered, perhaps as a result of 

combining the two species’ niches. Morphological work 

by Murray (1979, 1982) and molecular work by Mastro 

et al. (1982) and Kyle & Boulding (2000) have shown 

them to be distinct species. Nonetheless, data on inter- 

specific differences in distribution and habitat preference 

are minimal. Reid (1996) studied museum collections of 

both species and found L. scutulata to range from south- 

east Alaska to southern Baja California, Mexico, and L. 

plena to range from Kodiak Island, Alaska, to northern 

Baja California. On the basis of these collection sites, 

Reid (1996:67) found that “‘L. scutulata tends to predom- 

inate in the more exposed localities, whereas in very shel- 

tered situations and in salt marshes L. plena may occur 

alone.”’ Rugh (1997) also found L. scutulata to predom- 

inate on more exposed shores but noted high relative 

abundances of L. plena at exposed sites near the mouths 
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Forestry Sciences Laboratory, 3200 SW Jefferson Way, Corval- 

lis, Oregon 97331; phone (541) 750-7403; Fax: (541) 750-7329; 

e-mail: phohenlohe @ fs.fed.us 

of rivers. On the contrary, other studies have found L. 

plena more abundant at exposed sites (Hohenlohe & 

Boulding, 2001; S. Behrens Yamada, personal commu- 

nication). Slight differences in exposure preference in 

species with overlapping ranges may be common in the 

genus Littorina (Mill & Grahame, 1990; Boulding & Van 

Alstyne, 1993). 

One important adaptation of organisms living on hard 

substrata in the intertidal is resistance to dislodging by 

wave action (Denny, 1999). Gastropod species adapted to 

high wave-energy habitats tend to have longer, broader 

feet and greater tenacity (Miller, 1974). In the genus Lit- 

torina, tenacity is a factor in microhabitat preferences 

among sympatric species (Davies & Case, 1997) and in 

local adaptation and phenotypic plasticity within a single 

species (Trussell, 1997). Miller (1974) found L. scutulata 

to have one of the highest tenacity/foot area measures 

among the gastropods studied (466 + 28 g/cm? foot area 

for a force normal to the substratum on a crawling snail), 

although her study predated the taxonomic resurrection 

of L. plena, and she may have combined the currently 

recognized L. scutulata and L. plena in her analysis. Cu- 

riously, she described a bimodal distribution for the spe- 

cies complex along a wave-exposure gradient of sampling 

sites. Nonetheless, high tenacity measurements for these 

species are expected, given both their rocky intertidal 

habitat and their coiled shells that are expected to induce 

relatively high drag in flow (Denny, 2000). 

The current study addresses two questions: (1) Are L. 

scutulata and L. plena distributed differently along the 

wave-exposure gradient; and (2) Do they exhibit differ- 

ences in adaptation to wave stress, either in foot size and 
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Figure 1. Map of western Washington showing sample loca- 

tions for exposed (1—3), moderately exposed (4—7), and sheltered 

(8-11) sites. The star shows the collection site for snails used 

for foot morphology measurements and tenacity trials. The scale 

bar is approximately 50 km. 

shape or in tenacity, that correlate with their distribution 

along this gradient? 

METHODS 

In order to cover a range of habitats from exposed open 

coast to sheltered cobble beach at a similar latitude, sam- 

pling was conducted at 11 sites on the outer coast of 

Washington state and in Puget Sound (Figure 1). Animals 

of all sizes were collected from an area of shore and 

identified by penis morphology (Murray, 1979), a com- 

bination of other morphological characters (Rugh, 1997; 

Hohenlohe & Boulding, 2001), and/or restriction frag- 

ment analysis of the cytochrome b gene (Hohenlohe & 

Boulding, 2001). While this sampling method did not 

measure density, it is believed to accurately reflect rela- 
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tive proportions of the two species at each site because 

the two species occupy roughly the same tidal height (Ho- 

henlohe, in press) and microhabitats (Hohenlohe, person- 

al observation). Sampling sites were scored for wave ex- 

posure as follows: exposed (facing the open ocean), mod- 

erately exposed (facing an inland waterway with 5 or 

more km of open water), or sheltered (less than 5 km of 

open water); and for substratum: bedrock, boulders (larg- 

er than 0.3 m in diameter and not moved by typical wave 

action; includes man-made jetties), or cobbles (smaller 

than 0.3 m in diameter). 

To measure tenacity and foot morphology, individuals 

of both species were collected from the same shore at 

Cattle Point, San Juan Island, Washington, a moderately 

exposed, bedrock shore (48°27'N, 122°58’W; see Figure 

1) and identified to species using the discrete morpholog- 

ical characters described by Hohenlohe & Boulding 

(2001), confirmed in males by penis morphology (Mur- 

ray, 1979; all individuals used were sexually mature). 

Shell heights were measured with an ocular micrometer 

on a dissecting microscope. To measure foot length, 

width, and area, the snails were photographed with a dig- 

ital camera mounted on a dissecting microscope as they 

crawled upside down on a glass slide. The images were 

transferred to a computer and measurements were taken 

with imaging software. Area measurements used the out- 

line of the foot surface on the substratum, rather than 

simply the product of length and width. Small metal 

hooks were fixed with epoxy to the shells of 18 L. scu- 

tulata and 16 L. plena individuals, covering a range of 

shell sizes in each species. Hooks were oriented perpen- 

dicular to and centered over the snails’ feet. 

Tenacity was measured on each individual with the ap- 

paratus shown in Figure 2. Snails were placed on the 

substratum in filtered seawater at ambient seawater tem- 

perature (14 to 15°C) and the spring scale attached to their 

hook. When the animal began to crawl normally, ten- 

sional force normal to the surface of the substratum was 

smoothly increased using a micromanipulator until the 

animal released from the substratum. Tenacity, equivalent 

to the maximum tensional force just prior to release, was 

measured in grams to the nearest 0.5 g to allow compar- 

ison to previous results (e.g., Miller, 1974; 1 g is equiv- 

alent to about 0.0098 N of force). Since none of the snails 

exceeded 0.25 g in mass, each snail’s weight fell within 

the rounding error of the measurements and was not sub- 

tracted from the measurements. Each individual was test- 

ed in this way 10 times on a glass substratum and 10 

times on smooth basalt rock. The order of individuals 

tested was randomized, and the substratum was cleaned 

between individuals. Because of the variability of mea- 

surements for each individual (also found by Miller, 1974, 

and Davies & Case, 1997), including several very low 

values, the maximum tenacity for each set of 10 trials 

was used in all further analyses. 

Regression analysis, using the model Y = aX°E, which 
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Figure 2. Diagram of apparatus used to measure snails’ tenacity 

to rock or glass substratum. Force was gradually increased using 

the micromanipulator, and the maximum force required to pull 

the snail off the substratum was recorded in grams. 

is equivalent to simple linear regression on the logarithm- 

transformed data, was used to determine the form of the 

relationships among the measured variables within each 

species (Zar, 1996). The five relationships tested were: 

foot length, width, and area versus shell height; tenacity 

versus foot area; and tenacity versus shell height. These 

results were then used to test two null hypotheses: that 

the species do not differ from each other in the form of 

any relationship, and that the form of each relationship 

does not differ from the predicted form within each spe- 

cies. In the first case, a Student’s t-test was used on the 

exponent b, and then, if the species did not differ with 

respect to b, on the coefficient a (Zar, 1996). For the 

second hypothesis, isometric growth was expected to pro- 

duce a linear relationship (b = 1) for foot length and 

width versus shell height, and a quadratic relationship (b 

= 2) for foot area versus shell height. A linear relation- 

ship was also expected for tenacity versus foot area based 

on previous work (Miller, 1974; Etter, 1988; Trussell, 
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1997), and thus a quadratic relationship was expected for 

tenacity versus shell height. Again a Student’s t-test was 

used (Zar, 1996), although it should be noted that the 

calculations of variance and degrees of freedom differ 

between the two types of comparison. 

RESULTS 

Both Littorina species were found at seven out of the 11 

sites sampled, though only L. plena was found at two of 

the three exposed outer coast sites. Table 1 shows the 

proportion of L. plena at each site, total sample size, wave 

exposure, and substratum. Both species were found at 

moderately exposed and sheltered boulder sites and at 

sheltered cobble beaches. The only site at which L. scu- 

tulata was found exclusively is Eastsound in the San Juan 

Islands (site 8 in Figure 1), a result that is consistent with 

past work. Littorina plena is only rarely found in the 

moderately exposed and sheltered interior shores of the 

San Juan archipelago but is common on the outer shores 

(Hohenlohe, unpublished data). 

Foot length, width, and area were significantly related 

to shell height within each species, although the species 

did not differ from each other in any relationship (Table 

2). However, in L. scutulata, the exponent b was signif- 

icantly lower than expected from isometry for all three 

relationships. The regression parameters were similar in 

L. plena, but the statistical power to test the difference 

from isometry was reduced by the smaller size range of 

L. plena individuals measured (snails of this species are 

typically smaller than those of L. scutulata; Hohenlohe 

& Boulding, 2001). Nonetheless, in both species foot size 

apparently increases more slowly than shell height as the 

animals grow (Figure 3). 

Tenacity on the rock substratum was significantly re- 

lated to both shell height and foot area within each spe- 

cies, though again the species did not differ from each 

other in either relationship (Table 2). The relationship be- 

tween tenacity and foot area did not differ significantly 

from linear (Figure 4). Given the relationship between 

shell height and foot area, tenacity thus increases slower 

than the square of shell height as the animals grow. Again 

this deviation from isometry was significant only in L. 

scutulata, perhaps because of the smaller size range of L. 

plena individuals measured. 

Snails had greater tenacity on the rock substratum than 

on glass (paired t-test; P = 0.034), although in each spe- 

cies the maximum value was recorded on glass. On rock 

substratum, L. scutulata had an average tenacity/foot area 

of 174.4 + 12.4 g/cm? (mean + SE) and a maximum of 

273.0 g/cm’, while L. plena averaged 180.2 + 11.9 g/cm? 

with a maximum of 258.9 g/cm?. On glass, L. scutulata 

averaged 172.5 + 14.2 g/cm* with a maximum of 324.5 

g/cm*, while L. plena averaged 164.3 + 15.3 g/cm? with 

a maximum of 330.8 g/cm’. 
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Table 1 

Proportion of Littorina plena in samples of L. scutulata and L. plena collected at 11 sites in western Washington 

(see Figure 1). Proportions in bold highlight sites where only one species was found. 

Exposure Proportion 

site Latitude Longitude Substratum N L. plena 

Exposed 

1. Tatoosh Island 48°24'N 124°44'W bedrock 133 0.89 

2. Rialto Beach 47°55'N 124°38'W bedrock 15 1.00 

3. Pt. Brown 46°56'N 124°11'W boulders 67 1.00 

Moderately exposed 

4. Sekiu 48°16'N 124°18'W boulders 26 0.69 

5. Orcas Island 48°43'N 122°54'W bedrock 26 0.31 

6. Fort Worden 48°9'N 122°46'W boulders 65 0.35 

7. Termination Pt. 47°52'N 122°38'W boulders 13 1.00 

Sheltered 

8. Eastsound 48°41'N 122°54'W bedrock 38 0.00 

9. Seabeck 47°39'N 122°47'W cobbles 23 0.87 

10. Sinclair Inlet 47°32'N 122°41'W boulders 35 0.71 

11. Kopachuck Park 47°19'N 122°41'W cobbles 70 0.67 

Table 2 

Relationships among size, foot morphology, and tenacity on rock substratum. Shown are regression parameters for the 

equation Y = aX°E within each species, tests for isometry of each relationship within species (see text for details), and 

tests for differences between the species for each parameter. Isometry and interspecific differences were tested with a 

Student’s t-test (Zar, 1996). 

Vasiables Within species Isometry 

species (n) a b r p Dexp p 

Foot length (Y) vs. shell height (X) 

L. scutulata (18) 0.966 0.708 0.863 < 0.001 I 0.013 
L. plena (16) 0.995 0.719 0.764 < 0.001 I 0.107 

Between species p > 0.2 p> 0.5 

Foot width (Y) vs. shell height (X) 

L. scutulata (18) 0.502 0.826 0.982 < 0.001 l < 0.001 
L. plena (16) 0.523 0.800 0.804 < 0.001 1 = 102 

Between species p > 0.5 p> 0.5 

Foot area (Y) vs. shell height (X) 

L. scutulata (18) 0.443 1.502 0.957 < 0.001 2 < 0.001 

L. plena (16) 0.453 1.528 0.871 < 0.001 Dy 0.062 

Between species p > 0.2 p> 0.5 

Tenacity (Y) vs. foot area (X) 

L. scutulata (18) 1.652 0.934 0.895 < 0.001 1 > 0.5 

L. plena (16) F582 1.049 0.881 < 0.001 1 > 0.5 

Between species p > 0.5 p > 0.5 

Tenacity (Y) vs. shell height (X) 

L. scutulata (18) 2.627 1.511 0.922 < 0.001 2 0.007 
L. plena (16) 2.053 1.764 0.845 < 0.001 2 > 0.2 

Between species p> 0.2 p> 0.5 
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Foot area (mm?) 

Shell height (mm) 

Figure 3. Foot area correlates with shell height in Littorina scu- 

tulata (open squares) and L. plena (dark squares), but the species 

do not differ statistically (see Table 2). 

DISCUSSION 

The gastropod species Littorina scutulata and L. plena 

overlap broadly along the wave-exposure gradient. Con- 

trary to the conclusions of Reid (1996), both species were 

found at all three exposure levels from sheltered cobble 

beaches to exposed bedrock shores. In fact, L. plena ap- 

peared to be the predominant species at the most exposed 

sites, whereas L. scutulata reached its highest proportions 

at the moderately exposed sites and at one sheltered site. 

However, if wave exposure plays a role in defining these 

species’ relative habitats, one might expect differences in 

adaptations to resisting wave forces. No such differences 

were found in any of the foot morphology and tenacity 

measurements taken here; the species were indistinguish- 

able in these respects. 

Several forces act on animals in intertidal habitats as a 

result of wave action. Accelerational force depends on 

the volume of water displaced by the organism, and in 

these Littorina species (typically less than about 1.5 cm 

in shell height) it would be small compared to lift and 

drag (Denny, 2000). Lift may be the critical force affect- 

ing many limpets in the intertidal and is proportional to 

the projected area of the shell; however, as the height/ 

radius ratio increases, drag forces become more important 

(Denny, 2000). For these Littorina species, the height/ 

radius ratio far exceeds 1.0, although the asymmetrical 

shape of Littorina shells may still produce important lift 

forces (Denny, 2000). Two types of drag forces may play 

a role on wave-swept organisms: skin-friction drag is pro- 

portional to the surface area of the animal, but is expected 

to be of minor importance because of the high water ve- 

locities in breaking waves (Denny, 1995). Pressure drag 

depends on the orientation of asymmetrically shaped or- 

ganisms but is also proportional to the frontal area of the 

organism (the area projected onto a plane perpendicular 

to the direction of water motion), as measured in two 

snail species by Denny (1995). Drag and lift forces may 
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Figure 4. Tenacity, measured as the maximum force required 

to pull a snail off a flat rock substratum. Tenacity correlates with 

foot area in Littorina scutulata (open squares) and L. plena (dark 

squares), but the species do not differ statistically from each other 

(see Table 2). 

either counteract or augment each other, depending on the 

orientation of the shell (Denny, 2000). 

Nonetheless, the forces imposed on wave-swept snails 

are expected to be roughly proportional to the square of 

shell height. Here, tenacity increased slower than the 

square of shell height in both species. The ratio of tenac- 

ity to drag and lift forces thus decreases as the animals 

grow, suggesting the possibility of an upper size limit set 

by drag and lift forces (Denny, 1999). This could poten- 

tially favor L. plena, which tends to be smaller (Murray, 

1982; Chow, 1987; Hohenlohe & Boulding, 2001), and 

explain the predominance of L. plena on the exposed 

shores sampled here. However, intertidal animals in na- 

ture do not typically approach the theoretical size limits 

(Denny, 1999). These Littorina species seem to be no 

exception, since they fall well within the ranges of foot 

area/shell height and tenacity/foot area measured in many 

other, mostly larger, gastropod species (Miller, 1974; Et- 

ter, 1988). 

Other related factors may provide advantages to small- 

er size, including the ability to stay within the fluid 

boundary layer where drag forces are reduced, and the 

ability to fit into crevices in the substratum as shelter 

from wave action and predation. The measurements of 

tenacity in L. obtusata by Trussell (1997) suggested that 

individuals may also limit their growth or alter their be- 

havior or microhabitat in response to wave exposure. 

None of these factors, however, appears to exclude either 

L. scutulata or L. plena from the most exposed shores, 

and the wave-exposure gradient does not separate these 

species ecologically. 

What other ecological dimension could be important? 

The two exposed sites where L. plena was found exclu- 

sively (sites 2 and 3; see Figure 1) lie less than a kilo- 

meter north of the mouths of the Quillayute River and 

the Chehalis River estuary, respectively. In addition, the 



P. A. Hohenlohe, 2003 

most protected sites in Puget Sound, which are heavily 

influenced by freshwater run-off from the adjacent main- 

land, had relatively high abundances of L. plena. With 

the exception of the inner waters of the San Juan Islands 

(site 8), where L. plena is generally not found, the sites 

with the highest relative abundance of L. scutulata (sites 

5 and 6) were moderately exposed sites that are not near 

major sources of fresh water and that receive relatively 

well-mixed ocean water because of strong tidal action in 

the area. These results support Rugh’s (1997) hypothesis 

that L. plena may be well adapted to lowered salinities. 

However, the abundance of L. plena at Tatoosh Island 

(site 1), an exposed shore far from any major freshwater 

source, demonstrates that this species does not require 

freshwater inflow to persist. Both species, because of 

their habitat on rocks and in tidepools of the high inter- 

tidal, combined with the relatively wet climate of the 

northeast Pacific, are exposed to periodically reduced sa- 

linity directly from rainfall. The association of L. plena 

with freshwater inflow, then, may depend not so much on 

salinity itself but rather on nutrient composition, algal flo- 

ra, or other components of river and estuarine environ- 

menis. 

Miller (1974) reviewed several mechanisms that are 

likely to play a role in gastropod attachment: suction, 

simple adhesion (by a thin film of liquid), adhesion with 

sticky secretions from the foot surface, and muscular ac- 

tion. All four of these mechanisms are consistent with the 

linear relationship shown here between tenacity and foot 

area: suction force depends on pressure and area, adhe- 

sion should be proportional to the surface area in contact, 

and force produced by muscular contraction is propor- 

tional to cross-sectional area. Similarly, both Etter (1988) 

and Trussell (1997) also found linear relationships be- 

tween tenacity and foot area in intertidal gastropods. 

Snails tested here had significantly higher tenacity on the 

rock substratum than on glass, although the maximum 

tenacity in each species was recorded on the glass sub- 

stratum, which is more consistent with previous work. 

Miller (1972) tested Nucella (previously Thais) emargin- 

ata on smooth plexiglass and rock substrata and recorded 

higher tenacity on plexiglass for a force normal to the 

substratum. Davies & Case (1997) found a significant te- 

nacity improvement for L. littorea and L. obtusata on a 

polished rock substratum compared to a rougher substra- 

tum, and concluded that muscular action was not the lim- 

iting factor in attachment. However, Miller (1974) found 

that oxygen is required for attachment, suggesting that 

tenacity is an active process involving more than simple 

adhesion. The strength of pedal secretions may depend 

not only on the rugosity but also the molecular nature of 

the substratum. Davies & Case (1997) used the same ma- 

terial polished to varying degrees, thus eliminating mo- 

lecular differences and suggesting that other forces also 

play a role. On polished rock, and particularly on a glass 

or plexiglass substratum, suction and adhesion by a thin 
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film of liquid may play a more important role than it does 

in nature. The results presented here cannot rule out any 

of the mechanisms of snail tenacity proposed by Miller 

(1974). 
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Some Aspects of the Life History of an Intertidal Population of the 

Nudibranch Dendronotus frondosus (Ascanius, 1774) 

(Opisthobranchia: Dendronotoidea) in the Bay of Fundy 
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Department of Biology, Mount Allison University, Sackville, New Brunswick, Canada 

Abstract. Life history characteristics of an intertidal population of the nudibranch Dendronotus frondosus are poorly 

understood. This study examined changes in population size, weight of animals, formation of groups, and microhabitat 

choices over several years of a population in southwestern New Brunswick. Both the mean weight of animals and the 

numbers in the population peaked in the late spring/early summer mating season. During this time, animals showed a 

tendency to form groups of from two to eight animals. Dendronotus frondosus has a marked preference for vertical, 

covered rock substrates. The significance of these findings in relation to other studies on this species is discussed. 

INTRODUCTION 

Although nudibranch mollusks are common inhabitants 

of the rocky intertidal zone of the lower Bay of Fundy, 

there has been little ecological work done on them. Den- 

dronotus frondosus (Ascanius, 1774) is a common nudi- 

branch in this region. It is a widely distributed species 

with a distribution that has been described as circumpolar 

(MacFarland, 1966; Clark, 1975) or circumboreal (Swen- 

nen, 1961). In the western Atlantic, its range extends as 

far south as New Jersey (Loveland et al., 1969; Franz, 

1970; Meyer, 1974; Clark, 1975; Garlo, 1977). 

Studies of various life history parameters of this spe- 

cies have been confusing and often contradictory. Rob- 

illiard (1970) and Bleakney (1996) have described the 

color of the species as ranging from white through brown 

and red. It has been variously described as an annual 

species whose breeding seasons and generations are dis- 

crete (Clark, 1975) and one whose breeding cycles and 

generations overlap (Swennen, 1961; Miller, 1962). It is 

a hydroid feeder that has been reported to favor Tubularia 

alone (Braams & Geelen, 1953; Clark, 1975; Aerts, 

1994), Sertularia (Sisson, 2002), or Obelia (Clark, 1975; 

Sisson, 2002) (see McDonald & Nybakken, 1979). There 

are also reports of it switching prey between Sertularia 

and Tubularia as it ages (Miller, 1960; Thompson, 1964). 

This prey switching was not found by Aerts (1994). 

In the lower Bay of Fundy, D. frondosus has been not- 

ed to occur subtidally in three communities/areas: the 

crustose coralline community, the Terebratularia com- 
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Phone: 506-364-2522; Fax: 506-364-2505; e-mail: raiken@ 
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munity and on man-made substrates such as dock pilings 

and floats (Logan et al., 1983). Sisson (2002) described 

both intertidal and subtidal populations. 

In this study, I am reporting on several years’ work on 

population trends, habitat selection, and life cycle of D. 

frondosus. 

MATERIALS AnD METHODS 

All animals for this study were collected at low tide at 

Greens (Mascabin) Point (45°04'N, 66°89’W), 6 km south 

of St. George, New Brunswick. This site contains large 

(1 to 5 m high) rocks, parts or all of which are exposed 

at low tide. There is a tide range of approximately 9 m. 

The dominant vegetation in the area collected was the 

knotted wrack (Ascophyllum nodosum) which grows in 

long fronds (about 1 m) that drape over the rocks at low 

tide. 

The field site was marked into a series of 68 1-m-wide 

plots. These plots were numbered individually, and 10 

plots were chosen randomly for each collection. All ani- 

mals were collected by hand by searching strands of As- 

cophyllum and the rock walls and dislodging the animals 

from the substrate with thin spatulae. For each animal 

collected, the number of animals with which it was in 

contact, the substrate type, inclination of the substrate 

(vertical or horizontal), and whether the animal was cov- 

ered by fronds of A. nodosum were noted. Substrate types 

were categorized as rock (rock surface free of macro- 

phytic algae, most often between holdfasts of Ascophyl- 

lum nodosum), Ascophyllum (anywhere on stems or 

fronds of A. nodosum), mussel (among clusters of the 

blue mussel, Mytilus edulis), or other (included bryozoan 

(Flustrellidra hispidus) colonies, dulse (Palmaria_ pal- 

mata) and fucoid algae). The inclination of the substrate 
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Figure 1. Numbers of Dendronotus frondosus collected at Greens Point, New Brunswick in 1990 (open squares) and 1993 (closed 

circles). To simplify comparison of collection dates between years, the Julian date is used. 

was categorized as either vertical (rock face at or nearly 

90°) or horizontal (rock face at or nearly 0°). Animals 

were considered to be “‘covered”’ if completely covered 

by fronds of A. nodosum. Uncovered animals were those 

that were visible without moving overlaying fronds of A. 

nodosum. Collections were made weekly in the summers 

of 1990, 1993, and early 1994 and sporadically in the 

winters of 1990, 1991, and 1993. 

Collected animals were placed in plastic bags or pails 

of seawater at ambient temperature and transported to the 

Huntsman Marine Sciences Centre in St. Andrews, New 

Brunswick. In the lab, animals were kept in screw-top 

plastic vials. These vials had openings cut in the sides 

and were covered with screen to allow water circulation. 

Vials were suspended in aquaria with running seawater. 

All animals were fed daily with a 1 cm piece of Asco- 

phyllum that was colonized with Sertularia. 

Each week, a number of animals (varying by week) 

were weighed to assess the size of animals in the popu- 

lation. Wet weights were taken by surface-drying each 

specimen on a paper towel and weighing it on a Mettler 

AE-50 balance. 

RESULTS 

Numbers of Animals 

The population sizes are difficult to quantify accurately 

but can be inferred from the 1990 and 1993 data since 

the numbers collected should reflect field abundance (see 

Nybakken, 1974). 

These data (Figure 1) showed a clear increase in num- 

bers through the early summer months. The peak popu- 

lation number shifts each year but falls sometime between 

mid May and mid June. Populations are much lower in 

the late summer, fall, and winter months (Figure 1). 

Seasonal Weight Changes 

This population of D. frondosus shows a clear cyclicity 

in the size of animals in the population (Figure 2). Ani- 

mals are at their lowest weights in the fall and. winter 

months and increase in size until the middle of the sum- 

mer. The peak in weight corresponds with the mating sea- 

son of this population. The first egg masses appear on the 

substrate in mid to late May and are gone by late June 

or early July. 
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Figure 2. Changes in mean (+ SE) weight of Dendronotus frondosus over 4 years. Note that the abscissa does not represent all 

months. Horizontal bars indicate periods when egg masses were found in the field. Vertical lines indicate longer periods of time between 

collection dates. 
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Figure 3. The proportion of animals found in groups of different sizes in the summer of 1990 and January 1991. 
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Figure 4. Mean weights (+ SE) of animals in groups of different sizes. Data for August (see Figure 3) are not included because of 

the low numbers of ungrouped animals. 

Grouping 

The number of animals with which an individual may 

be associated changed over the year. In the breeding sea- 

son, there were groups of up to eight individuals (Figure 

3). In larger groups, every animal in the group was not 

necessarily in contact with every other member of the 

group but was in contact with at least one other. The 

majority of animals were found singly (Figure 3). 

The weights of grouped animals varied considerably 

over the summer (Figure 4). In May, grouped animals 

were significantly heavier than those found singly (t = 

4.04, P = .0001, df = 69). In June, no significant differ- 

ences were found between grouped and ungrouped ani- 

mals (t = 1.408, P = .16, df = 126). By July, the grouped 

animals weighed significantly less than those found alone 

(t = 3.25, P = .00015, df = 106). 

Microhabitat Preferences 

In the field, D. frondosus was found on several differ- 

ent substrates within the intertidal zone. The animals oc- 

curred most often on rock substrates (Figure 5). This pref- 

erence was significant over all weeks (Kruskal-Wallis 

test, KW = 35.676, P < .0O1, n = 14) and for those 

weeks from the third collecting week in May until the 

third collecting week in July when more animals were 

found on Ascophyllum (KW = 22.534, P < .001, n = 7). 

Dendronotus frondosus also showed a marked preference 

for vertical over horizontal substrates (Figure 6, Student’s 

t-test, t = 5.26, df = 13, P = .0002), and over the entire 

collecting period, only one animal was found in a non- 

covered area (Student’s t-test, t = 4.77, df = 13, P = 

.0004). 

Weights of animals collected in each of these micro- 

habitats showed no significant differences (one way AN- 

OVA, F = 1.598, P > .2). 

DISCUSSION 

Dendronotus frondosus is highly variable in its life cycle 

and breeding season. In the lower Bay of Fundy, it is an 

annual, semelparous species. I observed it to reach peaks 

of both abundance and size in the late spring and early 

summer (May, June, and early July) breeding season and 

then decline. The larger animals (Figure 2) found in July 

were replaced by very much smaller individuals in Au- 

gust and the fall months. Sisson (2002) working in the 

same area found similar population cycles for what he 
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Figure 5. Changes in the proportion of Dendronotus frondosus found on different substrates over the summer of 1990. 

termed the northern intertidal population of D. frondosus. 

This population cycle is similar to that found by Clark 

(1975). He found that in Connecticut, south of the Bay 

of Fundy, populations peaked between March and June. 

This slightly earlier population peak may reflect the 

warmer climate in the Connecticut area. Clark (1975) did 

claim, as well, that D. frondosus disappeared in the sum- 

mer months. Similar claims by Miller (1960) that D. fron- 

dosus leaves the intertidal when the hydroids die were 

not confirmed here. There was never a time when there 

were no animals in the area. These animals can survive 

on the exposed intertidal in the winter months through a 

combination of freeze tolerance (Gionet & Aiken, 1992) 

and habitat selection (Aiken, unpublished data). In studies 

in Europe, it has been found to exhibit population peaks 

in June and July and to have eggs present in the field 

from December through May (Aerts, 1994) or in January 

and April though August (Swennen, 1961). 

The smaller animals that first appeared in late July and 

August undoubtedly were offspring of the current year. I 

found as did Swennen (1961) and Miller (1962) that there 

were occasions when the smallest and largest animals 

were present at the same time. However, in this popula- 

tion, the largest animals are simply the remnants of the 

current year’s breeding population co-occurring with the 

first recruits for the next breeding season. Other work on 

gonad cycles (Aiken, unpublished data) indicates that 

these two groups would not interbreed. 

The formation of groups of from two to eight animals 

is a phenomenon previously undescribed for D. frondo- 

sus. Paired animals are most likely individuals that were 

mating or at least courting when the tide level fell. 

Groups of larger than two could be composed of extra 

individuals attempting to interfere with a mating (Baur, 

1992), animals involved in egg cannibalism (although not 

all groups were associated with eggs), or animals attempt- 

ing sneak copulations. Further studies would be needed 

to distinguish among these. 

Dendronotus frondosus was found predominantly on 

vertical rock surfaces in the intertidal. At Greens Point, 

there are several large (2-4 m high) rock faces that are 

covered by the knotted wrack (Ascophyllum nodosum). 

As well, the substrate between these large rocks is smaller 

rocks and boulders (.25 to 1 m in diameter) that are sim- 

ilarly covered with A. nodosum. In spite of extensive 

searching in these areas, we found no D. frondosus, and 

cannot confirm the claim by Miller (1960) that they are 

found under rocks. 

Favoring vertical rock surfaces is a behavior pattern 

that serves to protect individuals. At low tide, the fronds 

of A. nodosum drape over the rocks and cover most sur- 

faces. The areas which receive the greatest daily change 

in temperature and humidity are those on top of the rocks 

(i.e., the horizontal surfaces). Sisson (2002) reported that 

the intertidal populations he collected were in rocky crev- 

ices. Such crevices would afford the same protection. 
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Figure 6. 

In a broader perspective, the occurrence of D. fron- 

dosus intertidally in the Bay of Fundy has not been found 

in all studies. Logan et al. (1983) mentioned it as occur- 

ring in subtidal habitats, and Thomas et al. (1983) made 

no mention of it intertidally in the Passamaquoddy area. 

This combined with data here and Sisson’s (2002) study 

show that a picture of a complex and highly adaptable 

species is emerging. Sisson (2002) found D. frondosus to 

exist in three distinct ecotypes—a northern intertidal, a 

northern subtidal, and a southern subtidal. These ecotypes 

differ in development pattern and show some signs of 

assortative mating. 

Finally, there are indications that D. frondosus may un- 

dergo long-term local population cycles. Thomas et al. 

(1983) made no mention of D. frondosus occurring at 

Greens Point in the early 1980s. In this study (early 

1990s), we found it reliably throughout all months of the 

year. In 2000, we found no D. frondosus at this site in 

spite of several attempts to collect in what should have 

been the time of peak population size. Further long-term 

monitoring would be required to determine if such cycles 

do exist. 
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Cadlina burnayi Ortea, 1988, is a poorly known species 

of chromodorid nudibranch described from three speci- 

mens collected in Pau Seco, Maio Island, Cape Verde. 

The animals were described as pale blue with irregular 

orange spots and smaller opaque white dots, with an or- 

ange line and a series of white mantle glands surrounding 

the mantle margin. The mouth area was illustrated as hav- 

ing long, enrolled oral tentacles. The reproductive system 

was not described, and drawings of radular teeth were 

figured using a regular compound microscope. Ortea 

(1988) suggested that C. burnayi could belong to the ge- 

nus 7yrinna Bergh, 1898, but did not provide any further 

explanation. The type material of this species is lost, it 
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Figure 1. Living animal (LACM 152950), photograph by José 

Augusto Silva. 

never reached the collections of the Museo de Ciencias 

Naturales of Tenerife, Spain (KE Hernandez, personal com- 

munication). 

Muniain et al. (1996) transferred Cadlina burnayi to 

the genus 7yrinna because of the presence of two rows 

of mantle glands, enrolled oral tentacles, smooth dorsum, 

and radular formula. Schrodl & Millen (2001) agreed in 

maintaining this species in Tyrinna and commented that 

anatomical study of this species and a detailed compari- 

son with Tyrinna evelinae (Marcus, 1958) would be de- 

sirable. None of these authors examined specimens of C. 

burnayi, and their conclusions were based on information 

extracted from the original description of this species. 

The taxonomic status of C. burnayi and its relationship 

with species of Tyrinna remain unknown. In the present 

ot 
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Figure 2. Anatomical drawings (LACM 152950). A. Repro- 

ductive system, scale bar = 1 mm. B. Detail of the reproductive 

opening once the vestibular gland has been removed, ‘scale bar 

as in A. C. Mantle margin showing the arrangement of the mantle 

glands, scale bar = 2 mm. D. Anterior border of the foot, scale 

bar = 1 mm. Abbreviations: am, ampulla; bc, bursa copulatrix; 

ej, ejaculatory portion of the deferent duct: fg, female glands; 

mg, mantle glands; ot, oral tentacle; pr, prostate; sr, seminal re- 

ceptacle; v, vagina; vg, vestibular gland. 
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Figure 3. Scanning electron micrographs (LACM 152950). A. Rachidian and innermost lateral teeth. B. Mid-lateral teeth. C. Outermost 

lateral teeth. D. Jaw elements. 
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paper we describe a newly collected specimen of Cadlina 

burnayi from Cape Verde and attempt to clarify the tax- 

onomic status of this species. The material examined is 

deposited in the Natural History Museum of Los Angeles 

County (LACM). 

Material examined: Bafa Grande de Derrubado, Boav- 

ista Island, Cape Verde, 0.5—1 m depth, underneath a 

large rock, 3 August 2001, leg. C. M. L. Afonso (LACM 

152950). 

External morphology: The single specimen collected 

measures 19 mm in preserved length. The body is oval, 

with the posterior end of the notum covering the foot 

(Figure 1). The dorsum is smooth, with no tubercles. The 

perfoliate rhinophores are composed of 21 lamellae. The 

gill consists of six large, tripinnate branchial leaves. 

Along the edge of the mantle there is an irregular row of 

densely packed, small mantle glands, which is internally 

surrounded by another row of larger, scarcely arranged 

glands (Figure 2C). 

The background color of the living animal is pale blu- 

ish gray. The entire dorsum is covered with a number of 

small, rounded bluish spots, and larger broken pale or- 

ange patches, which are larger in the center of the dor- 

sum. The viscera are visible as a whitish area in the cen- 

tral part of the body. At the extreme edge of the mantle 

there is a white thin band, then a thinner band of pale 

gray, and on the inside a wider band of orange. The gill 

is translucent white with some minute opaque white spots 

on the edges. The rhinophores are translucent white with 

an orange tinge on the basal club. Some of the smaller 

mantle glands are pale orange, whereas the rest and the 

large ones are opaque white. 

Ventrally the anterior border of the foot is simple. 

There are two large, enrolled oral tentacles, with the 

groove in a ventral position (Figure 2D). 

Anatomy: The jaws are composed of a number of elon- 

gate bicuspid rodlets about 15 wm in length (Figure 3D). 

The radular formula is 62 X 54.1.54. The rachidian teeth 

are short, with a conical cusp bearing two denticles on 

each side. The innermost lateral teeth have a single cen- 

tral cusp with two to three denticles on the inner side and 

two denticles on the outer side (Figure 3A). The remain- 

ing lateral teeth are hook-shaped, have a single cusp and 

a series of two to four denticles on their outer side (Figure 

3B). The outer laterals are short, with two to five denti- 

cles (Figure 3C). Some of the outermost teeth are smooth, 

with no denticles. 

The reproductive system is triaulic (Figure 2A). The 

ampulla is elongate and divides into the short oviduct and 

the prostate. The oviduct enters the female glands near 

the center of the mass. The prostate is short and simple. 

It narrows into a long, convoluted deferent duct, which 

expands again into a long, muscular ejaculatory portion. 

The ejaculatory portion of the deferent duct opens into a 
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common atrium with the vagina (Figure 2B). The penis 

is unarmed. Near the exit of the female glands there is a 

large, ramified vestibular gland. The vagina is long and 

narrow. At its proximal end the vagina connects to the 

bursa copulatrix. The elongate uterine duct and the sem- 

inal receptacle connect to the vaginal duct distally, near 

the bursa copulatrix connection. 

Discussion: Examination of the newly collected speci- 

men of Cadlina burnayi has revealed that this species is 

conspecific with Tyrinna evelinae (Marcus, 1958), origi- 

nally described from southern Brazil (Marcus, 1958) and 

subsequently reported from Peru, the Gulf of California, 

Jamaica, Puerto Rico, and Ghana (see Schrédl & Millen, 

2001). 

There are no significant external or anatomical differ- 

ences between the specimens of Tyrinna evelinae de- 

scribed by Marcus (1958), Schrédl & Millen (2001), and 

the material here examined. All the specimens collected 

in Cape Verde have large orange spots on the entire dor- 

sum, with two irregular rows of mantle glands and an 

orange band surrounding the mantle margin (Ortea, 1988; 

present paper). All these characteristics are present in the 

specimens of 7. evelinae from several localities examined 

by Marcus (1958) and Schrédl & Millen (2001). In ad- 

dition to that, the reproductive system of the Cape Verde 

specimen has a ramified vestibular gland, and the position 

and morphology of the reproductive organs are identical 

to those of 7. evelinae. The morphology of the radular 

teeth and jaw elements also matches the descriptions by 

Marcus (1958) and Schrédl & Millen (2001) of T. evel- 

inae. 

Tyrinna evelinae has already been reported from the 

West Coast of Africa by Edmunds (1981), who collected 

several specimens in Ghana. Again, there are no note- 

worthy differences between the Cape Verde and Ghana 

specimens. Therefore we concluded that Cadlina burnayi 

iS a junior synonym of Jyrinna evelinae and should be 

accordingly rejected. 

Another species reported from Cape Verde and as- 

signed to the genus Cadlina is Cadlina clarae IShering, 

1880. This species, originally described from the Medi- 

terranean Sea, has been regarded as a synonym of Cad- 

lina pellucida (Risso, 1826) (see Marcus, 1958). 
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The systematics of the family Tergipedidae have been ex- 

tensively reviewed by Gosliner (1980) and Gosliner & 

Griffiths (1981), who provided a diagnosis of Cuthona 

Alder & Hancock, 1855, and comparison with the related 

genus Catriona Winckworth, 1941. 

Behrens (1984) reported 12 species of Tergipedidae 

from the northeastern Pacific, but none of them were 

found in the Gulf of California. Later Behrens (1985) 

Figure 1. Holotype of Cuthona lizae Angulo & Valdés, sp. nov. 

(LACM 2951). 

Figure 2. Reproductive system of a paratype of C. lizae Angulo 

& Valdés, sp. nov. (LACM 2952), scale bar = 1 mm, Abbrevia- 

tions: am, ampulla; bc, bursa copulatrix; ejd, ejaculatory duct; fg, 

female glands; pg, penial gland; pr, prostate; ps, penial sac; sd, 

separate duct connecting to the bursa copulatrix; sp, penial spine. 

described Cuthona longi, the first species of Tergipedidae 

collected from the Gulf of California. More recently, Sko- 

glund (2002), in her review of the Panamic opisthobranch 

fauna, reported only two species from this area: Cuthona 

longi Behrens, 1985, and an undescribed species illus- 

trated by Behrens (1991) and collected from Bahia Tor- 

tugas, Pacific side of Baja California and the Gulf of Cal- 

ifornia. 

The present paper describes a third species of Cuthona 

from the Gulf of California based on several specimens 

collected near La Paz. The material examined is deposited 

at the Natural History Museum of Los Angeles County 

(LACM). 

Species Description 

Tergipedidae Bergh, 1889 

Cuthona Alder & Hancock, 1855 

Cuthona lizae Angulo & Valdés, sp. nov. 

(Figures 1—3) 

Material examined: Holotype: Ensenada de Muertos, 

Baja California Sur, Mexico, 16 January 2002, 2 mm 

long, collected in an intertidal pool by O. Angulo (LACM 

2951). Paratypes: Ensenada de Muertos, Baja California 

Sur, Mexico, 16 January 2002, 4 specimens 1.5, 1.8, 2.5 

(dissected), and 2.8 mm long, collected in an intertidal 

pool by O. Angulo (LACM 2952). 

External morphology: Body color reddish, with small, 
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Figure 3. Cuthona lizae Angulo & Valdés, sp. nov., scanning electron micrographs of a paratype (LACM 2952). A. Jaw, scale bar = 

200 pm. B. Masticatory border elements, scale bar = 10 wm. C. Radular teeth, scale bar = 20 pm. D. Penial spine, scale bar = 20 pm. 

dusty, light blue spots all over the dorsum (Figure 1). A 

white spot, variable in size, is present in the middle of 

the dorsum, behind the first group of cerata. The rhin- 

ophores and oral tentacles are elongate and smooth, al- 

most the same size. They have the same color as the body 

from the base to the middle region, but in some speci- 

mens there is a yellow band near the base, which can be 

entire (in larger specimens) or composed of small dots 

(in smaller specimens). The apical half of the rhinophores 

and oral tentacles is yellowish. 

The cerata are arranged in three groups, one of them 

anterior to the pericardium with three to four rows of 

cerata and two to four cerata per row. The first group 

posterior to the pericardium has two to three rows of cer- 

ata with two to four cerata per row, and the second group 

has one to three rows of cerata with two to four cerata 
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per row. The cerata are slightly curved toward the dor- 

sum. The cerata are sprinkled with yellowish spots. Near 

the tip some spots are more densely concentrated, form- 

ing a subapical ring. The digestive gland is visible inside 

of the cerata as a dark red mass. 

The foot is elongated. The gonophore is situated on the 

right side of body, below the middle of the first group of 

cerata. The anus is situated near the middle region of the 

body, anterior to the post-cardiac ceras. 

Anatomy: The reproductive system is diaulic (Figure 2). 

The ampulla is short and wide and connects to the female 

glands and the prostate. The prostate is long and convo- 

luted. It narrows into the ejaculatory duct that expands 

again into the penial sac. A large penial gland is con- 

nected distally to the penial sac. The penis is armed with 

a copulatory spine (Figure 3D), about 60 pm long. There 

is a small separate duct that joins with the elongate-oval 

bursa copulatrix. 

The radular formula is 23 X 0.1.0. Each tooth has a 

concave base and a central cusp (Figure 3C). There are 

six to seven strong denticles on each side of the cusp, 

with smaller and thinner denticles alternating with each 

larger denticle. The jaws are oval in shape (Figure 3A). 

The masticatory border of the jaws has six irregular nod- 

ulous denticles on its distal portion (Figure 3B). 

Etymology: The specific name lizae is given in honor of 

Liza Gomez, for her unconditional support and enthusi- 

asm during the field trips during which this new species 

was collected. 

Discussion 

The generic placement of Cuthona lizae is based upon 

the presence of a penial gland and penial spine, which 

are characteristic of the Tergipedidae, the absence of bris- 

tles on the masticatory border of the jaws and the pos- 

session of only 23 radular teeth (less than 50), which are 

characteristic of Cuthona (Gosliner, 1980; Gosliner & 

Griffiths, 1981). Cuthona lizae is distinguishable from 

other members of the genus in several regards. 

The characteristic red color of C. lizae seems to be 

unique to this species, and only one undescribed species 

of the genus, from the tropical Indo-Pacific, shares a red- 

dish coloration with C. lizae (see Coleman, 2001:109). 

However, the cerata of the undescribed Indo-Pacific spe- 

cies are straight, instead of curved, and they are not cov- 

ered with yellow spots. Another difference between these 

two species is the presence of a white band that runs from 

the cephalic region to the foot in the undescribed Indo- 

Pacific species. 

Another characteristic feature of C. lizae is the pres- 

ence of a large white spot situated behind the first group 

of cerata. The only other species of Cuthona that have a 

white spot on the dorsum are Cuthona albocrusta 

(MacFarland, 1966) and Cuthona abronia (MacFarland, 

1966). The color pattern of C. lizae resembles that of C. 

abronia, except that in C. abronia the red is replaced with 

brown, the white spot is present on the cephalic region, 

between the oral tentacles, and there is no large white 

spot in the central region of the body. Cuthona lizae and 

C. abronia also share a band around the rhinophores and 

oral tentacles, but the two species differ in radular mor- 

phology, the teeth of C. abronia being irregular in shape 

and lacking the thinner denticles alternating with the larg- 

er denticles in C. lizae (see Roller, 1969). Additionally, 

these two species differ in the number of denticles on the 

masticatory border of the jaws: C. abronia has 17 den- 

ticles, whereas C. lizae has only six denticles. In the orig- 

inal description of C. abronia by MacFarland (1966), 

there is no mention of any penial gland or penial stylet 

which is characteristic of all members of the Tergipedi- 

dae. 

Cuthona albocrusta is distinguishable from C. lizae in 

the number of radular teeth. There are between 49-70 

teeth in C. albocrusta (Behrens, 1985, 1991) and only 23 

in C. lizae. In addition, the white frosting markings on 

the body and cerata of C. albocrusta are absent from C. 

lizae, which has bluish spots on the dorsum and yellowish 

dots on the cerata. 

The only other species known from the Gulf of Cali- 

fornia has been illustrated by Behrens (1991) but not 

named yet. This species differs from C. lizae in having a 

yellow-orange body with a light blue patch on the head. 

The lower half of the cerata is black, with a blue band, 

and the distal portion has a yellow tip (Behrens, 1991). 
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Introduction 

Lee & Cheng (1970, 1971) reported that infection with 

larval Schistosoma mansoni Sambon, 1907, increased the 

heart rate of Biomphalaria glabrata (Say, 1816) snails 

maintained at 23°C to 33°C. Williams & Gilbertson 

(1983a, b) indicated that both feeding and locomotion 

influenced the heart rate of B. glabrata and the infection 

status with S. mansoni was not a major factor in altering 

the rate. The purpose of our study was to examine the 

heart rate of B. glabrata infected with either S. mansoni 

or Echinostoma caproni Richard, 1964, larval stages. 

Materials and Methods 

Our snails were maintained at 23 + 1°C as described 

previously (Fried et al., 2001) in glass cultures each con- 

taining 1000 mL of artificial spring water (ASW). The 

ASW was prepared as described by Ulmer (1970). The 

number of snails per culture ranged from 10 to 20, and 

snails were fed romaine leaf lettuce ad libitum; the water 

was changed twice a week. Snails (about 5 week old and 

4 + 1 mm in shell diameter) were infected with either 

the miracidia of S. mansoni or the miracidia of E. caproni 

as described by Fried et al. (2001) and Idris & Fried 

(1996), respectively. Snails released cercariae of either S. 

mansoni or E. caproni at 7 week postinfection (p.i.) and 

were marked with nail polish to identify them. All deter- 

minations of heart rate were made at room temperature 

(23 + 1°C) with snails in a 3 cm diameter plastic Petri 

dish containing 2—3 mL of ASW; the number of heart 

beats per min was counted under a dissecting microscope; 

observations were made between 1000 and 1400 hr. 

* To whom correspondence should be addressed: Telephone: 

(610) 330-5463; Fax: (610) 330-5705; friedb @lafayette.edu 

Table 1 

Effects of Schistosoma mansoni (Sm) and Echinostoma 

caproni (Ec) infection on the heart rate of Biomphalaria 

glabrata snails. 

Age of No. Mean+ Age of Mean + 

Experi- snails of SE heart snails No. of | SE heart 

ment (wk) snails beat/min (wk)! snails beat/min 

Uninfected Infected with Sm 

i 13 Sy Dith ae Dep 13 3 | AA) z= IO 

2 14 10 336+1.9 14 NO Say = WX) 

3 15 lO 36:33 1e5 15 10) 29FIG=sie3* 

Infected with Ec cercariae 

and rediae 

4 15 10 36.2 + 1.6 15 IQ) 3A se 2.3) 

Infected with cysts of Ec 

5 15 NOMS 6452s AR als 10 23.8 + 0.8* 

' Snails were exposed to miracidia at 5 wk of age in Experi- 

ment 1—4 and examined from 8 to 10 wk p.i. In Experiment 5, 

snails were exposed to cercariae of E. caproni at 14 wk of age 

and examined 1 wk p.i. 

* Measurements were significantly less (Student’s t-test, P < 

0.05) in the infected groups than in the control groups. 

To obtain large numbers of metacercarial cysts in the 

kidney-pericardial region of B. glabrata, uninfected snails 

(about 10 to 12 mm in shell diameter) were placed in 

cultures (typically five to 10 uninfected snails) with sev- 

eral B. glabrata snails releasing E. caproni cercariae. The 

uninfected snails accumulated 500 to 1000 metacercarial 

cysts per snail in the kidney-pericardial region within 1 

week p.i. In experiments to determine if snails with meta- 

cercarial cyst infection had altered heart rates, these snails 

were matched with uninfected B. glabrata snails of the 

same size (Experiment 5, Table 1). 

Results and Discussion 

Because Lee & Cheng (1971) noted that young uninfect- 

ed B. glabrata had faster heart rates than older snails, we 

matched young snails (7 mm in shell diameter) against 

older snails (12 mm in shell diameter) and determined 

the heart rates. The heart rate of the young snails (n = 

5) was 47.8 + 2.4 beats per min compared to 27.4 + 2.2 

beats per min for the older snails (n = 5). The Student’s 

t-test indicated a significant difference (P < 0.05) in the 

above values, supporting the earlier finding of Lee & 

Cheng (1971) that younger snails had significantly greater 

heart rates than older ones. 

To test the effects of S. mansoni larval infection on B. 

glabrata, control and infected snails of a similar size, 

about 12 + 1 mm shell diameter, were matched at 8 to 

10 week p.i. ([see] Table 1, Experiments 1, 2 & 3). We 

found no significant difference (Student’s ¢-test, P > 0.05) 

in the heart rates of S. mansoni infected vs. control snails 

at 8 and 9 week p.i. (Experiments | & 2). In fact, the 
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controls had a significantly greater heart rate at 10 week 

p.i. (Experiment 3) than the infected snails. These obser- 

vations are in contrast to the work of Lee & Cheng (1970, 

1971) who found that B. glabrata infected with S. man- 

soni had significantly greater heart rates than controls at 

various temperatures and weeks p.1. 

Studies on the effects of larval echinostome infections, 

i.e., redial and cercarial infections in the digestive gland- 

gonad complex (DGG) on snail heart rates are not avail- 

able. Our observations on E. caproni cercarial-redial in- 

fections in the DGG of B. glabrata vs. matched controls 

showed no significant differences in the heart rates of 

these populations (Experiment 4). We found that meta- 

cercarial cyst infections with E. caproni in B. glabrata 

were associated with a significant decrease in the heart 

rates of the snails (Experiment 5). Cysts of this species 

are located in the pericardium and saccular kidney of B. 

glabrata, structures that are adjacent to the snail heart. 

Mechanical pressure from the cysts may have contributed 

to a reduction in the snail heart beat. However, other fac- 

tors, mainly of a chemical nature that help mediate the 

heart rate in B. glabrata as discussed by Lee & Cheng 

(1971), cannot be overlooked. 

In conclusion, our work supports that of Lee & Cheng 

(1971) on increased heart rate of juvenile vs. older B. 

glabrata snails. However, in our study, the heart rate of 

B. glabrata infected with S. mansoni and maintained at 

23 + 1°C from 8 to 10 week p.i. was not significantly 

enhanced. Therefore, our study does not support their 

findings of an increased heart rate associated with S. man- 

soni infection in B. glabrata. On the contrary, we found 

a reduction in heart rate in infected snails at 10 week p.i. 

In regard to infection of B. glabrata with E. caproni, only 

the metacercarial cyst infection in the kidney-pericardi- 

um, but not cercarial-redial infection in the DGG, caused 

a significant decrease in the heart rate of B. glabrata. 

Clearly, the effects of larval trematode infection on the 

heart rate of gastropods need further investigation. 
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Cochlicopa Férussac, 1821, not Cionella Jeffreys, 

1829; Cionellidae Clessin, 1879, not Cochlicopidae 

Pilsbry, 1900 (Gastropoda: Pulmonata: 

Stylommatophora) 

Barry Roth 

Santa Barbara Museum of Natural History, 

Santa Barbara, California 94117, USA 

Current usage is divided between Cochlicopa Férussac, 

1821, and Cionella Jeffreys, 1829, as the genus for the 

Holarctic Helix lubrica Miiller, 1774, and several other 

species. Pilsbry (1948) and many subsequent workers 

(e.g., Burch & Pearce, 1990; Turgeon et al., 1998) used 

Cionella, based on the argument by Kennard (1943:113) 

that Cochlicopa was a replacement name for Polyphemus 

Montfort, 1810. Other publications (e.g., Bequaert & 

Miller, 1973; Schileyko, 1998; Bank et al., 2001) have 

used Cochlicopa. The nomenclaturally valid name de- 

pends on the availability and typification of the senior 

name, Cochlicopa. If Cochlicopa is available with H. lu- 

brica as its type species, then it is the valid name, based 

on the principle of priority; if not, Cionella is the valid 

name. The valid family-group name depends on appli- 

cation of other articles of the International Code of Zoo- 

logical Nomenclature (hereafter, ““ICZN’’; International 

Commission on Zoological Nomenclature, 1999). 

Cochlicopa was originally proposed as a subgenus of 

Helix Linnaeus, 1758, in a work (Férussac, 1821) pub- 

lished in sections (livraisons) over several dates.! The 

' Quarto and folio editions were issued simultaneously (Ken- 

nard, 1942:107). All page numbers cited herein are from the 

quarto edition, examined by me at the Santa Barbara Museum 

of Natural History. 
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name first appears in a livraison (no. 9) published April 

6, 1821, and later in a livraison (no. 11) published July 

13, 1821 (Kennard, 1942:109). Although published as 

parts of the same work, the April and July livraisons are 

separate publications for purposes of nomenclature, and 

a nomenclatural act, such as the designation of a type 

species, in the April livraison has priority over a similar 

but conflicting act in the July livraison. If Cochlicopa was 

made available in the April livraison, with a valid type 

species, then other species added in the July livraison 

have no bearing on its typification. 

On page 24 of the April livraison, Cochlicopa appears 

in a table (““Tableau Synoptique des Subdivisions du 

Genre Helix, Helix, nobis’’*) where it is stated to contain 

“Les Polyphémes, Polyphemae Montf.” and “Les Sty- 

loides, Styloides.”’ No species names are associated with 

these nominal taxa. A brief diagnosis for Cochlicopa 

(“Ouverture étroite, coquille ovGide ou turriculée’’) is 

given. 

A more extensive treatment (“‘Développements du Tab- 

leau Synoptique’’) appears on pages 50-51 of the July 

livraison. There Cochlicopa is divided into two infra- 

subgeneric but supraspecific groups, “LES POLYPHE- 

MES, Polyphemae Montfort” and “LES STYLOIDES, 

Styloides.”’ Polyphemae includes 11 species. Styloides in- 

cludes nine species, among them “‘lubrica Muller”’ [sic]. 

Under the ICZN, a nominal species is eligible to be 

fixed as the type species of a genus only if it is an orig- 

inally included nominal species (ICZN Article 67.2). 

Originally included nominal species comprise only those 

included in the newly established nominal genus or sub- 

genus, having been cited in the original publication by an 

available name of a species or subspecies (ICZN Article 

67.2.1). Before 1931, if a nominal genus or subgenus was 

established without included nominal species, the nomi- 

nal species that were first subsequently and expressly in- 

cluded in it are deemed to be the only originally included 

nominal species (ICZN Article 67.2.2). 

No species names are cited in connection with Coch- 

licopa in the April livraison. The first nominal species 

subsequently and expressly included in it are the 11 nom- 

inal species of Polyphemae and the nine nominal species 

of Styloides in the July livraison. Only these are eligible 

to be fixed as the type species of Cochlicopa. Apparently 

Helix lubrica was fixed as the type species of Cochlicopa 

by subsequent designation of Westerlund (1902, Acta 

Academiae Scientiarum et Artium Slavorum Meridion- 

alum 151:113; fide P. Bouchet in litt. 31 October 2002). 

? Férussac did not observe the rules of taxon authorship and 

priority of names that now govern nomenclatural practice. As 

also commented on by Baker (1946), when a pre-existing genus 

like Helix Linnaeus, 1758, was reconstituted by his analysis, it 

became Helix, nobis (1.e., ““ours’’). Similarly, he sometimes treat- 

ed pre-existing genera as subunits of his own new genera or 

subgenera (Watson, 1943). 
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Kennard (1943:113) regarded Cochlicopa as a replace- 

ment name for Polyphemus Montfort, 1810. He argued 

that Férussac’s citation of Polyphemae was equivalent to 

having Polyphemus glans Montfort, 1810, as an originally 

included species. However, ICZN Article 67.2.1 makes it 

clear that this is not the case; to be an originally included 

nominal species, a taxon has to be cited by an available 

name of a species or subspecies. 

Cionellidae versus Cochlicopidae. When the name of 

a type genus of a nominal family-group taxon is consid- 

ered to be a junior synonym of the name of another nom- 

inal genus, the family-group name is not to be replaced 

on that account alone (ICZN Article 40.1). However, if a 

family-group name was replaced before 1961 because of 

the synonymy of the type genus, the substitute name is 

to be maintained if it is in prevailing usage (Article 40.2). 

““Was replaced” in Article 40.2 means that a new family- 

group name was proposed subsequent to the placement 

of the type genus in synonymy and for the express pur- 

pose of replacing the family-group name based upon that 

genus. (That is, it is a “new replacement name (nomen 

novum)”’ in the meaning of the ICZN Glossary.) A pre- 

existing family-group name based on the genus name that 

is the senior synonym, but younger in date than the family 

group name based on the genus name that is the junior 

generic synonym, is not affected by Article 40.2; in such 

a case the provisions of Article 40.1 alone apply. 

Cochlicopidae Pilsbry, 1900, was not proposed as a 

new replacement name for Cionellidae Clessin, 1879. It 

was proposed without comment in a list of families as- 

signed to the new higher taxon Orthurethra. It is therefore 

not subject to the provisions of Article 40.2. Cionellidae 

Clessin, 1879, remains the valid family-group name for 

Cochlicopa, based on its chronological priority over 

Cochlicopidae Pilsbry, 1900. 

In summary, Cochlicopa Férussac, 1821 (July 13) is 

the valid genus name for Helix lubrica Miiller, 1774, and 

congeneric species, and Cionella Jeffreys, 1829, is a ju- 

nior synonym of it. The valid family-group name is Cio- 

nellidae Clessin, 1879. 

Acknowledgments. I thank Philippe Bouchet, David R. Lind- 
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BOOKS, PERIODICALS & PAMPHLETS 

Strange Attraction: the Euthyneuran Gastropod and 

the Mammalian Neurophysiologist 

Behavior and its Neural Control in Gastropod Mol- 

luscs by RONALD CHASE. 2002. Oxford University Press, 

London and New York. ISBN 0-19-511314-4 xx + 314 

Pp. 

Euthyneuran gastropods attract devotees for a number 

of reasons. Ron Chase of McGill University provides for 

the first time since the 1980s (Willows, 1985, 1986; see 

also Kandel, 1976, 1979) a review of the accomplish- 

ments of one group of devotees, the neurobiologists that 

since the 1960s have made use of the large and often 

brightly colored cell bodies of the neurons of the central 

ganglia of euthyneurans as “‘model systems” for neuro- 

physiology. Chase was one of many mammalian neuro- 

physiologists who switched to gastropods, but his group 

at McGill has been one of the more biologically oriented 

of the molluscan neurobiology labs, making him a partic- 

ularly appropriate author for such a book. The book is 

welcome, not only since its predecessors (Kandel, 1976, 

1979; Willows 1985, 1986) are long out of date, but also 

for the author’s willingness to approach controversies in 

a balanced way. This book emphasizes areas of research 

that have not been frequently reviewed. Within the enor- 

mous literature of model system neurobiology, Chase has 

chosen to ignore the areas of development and regener- 

ation and biophysics, to de-emphasize the work on syn- 

aptic plasticity, and to focus on the neural control of be- 

havior. Overall, the book was intended to be accessible 

to a broad audience and it makes very easy reading, with 

the material presented clearly and briefly. Inevitably with 

such a format, the presentation is not the thorough schol- 

arly treatment that researchers in the field might like to 

see. Interesting facts appear throughout the book (for ex- 

ample, on p. 15 number of species of gastropods in Cam- 

eroon rainforest) for which no citation is given, and the 

quality of coverage varies widely from topic to topic. 

That said, the book is certainly a readable and useful in- 

troduction for the novice and contains much that was new 

and intriguing to one that has been trying to keep up with 

this literature for many years. 

The scope of Chase’s book is somewhat more limited 

than its title suggests. A more appropriate tithe might be 

‘‘Neural Control of Behavior in Euthyneuran Gastro- 

pods,”’ since members of other groups are neglected here, 

and the discussion of behavior is largely, although not 

entirely, limited to behaviors whose neural control has 

been studied. Under behavior, there are scattered refer- 

ences to “prosobranch”’ behavior but no overview of 

what we know about the range or complexity of behavior 

in those taxa. Even within the euthyneurans, there is no 

attempt at a comprehensive treatment of what is known 

about behavior, nor are many of the logical reviews ref- 

erenced (e.g., Audesirk & Audesirk, 1985; South, 1992; 

Cook, 2001). The book focuses on a small number of 

species of opisthobranch and pulmonate gastropods 

(Aplysia californica, Lymnaea stagnalis, Helix aspersa, 

etc.), and again the treatment of behavior is not compre- 

hensive but covers primarily the work of the “‘model sys- 

tems”’ school, with spotty reference to what is otherwise 

known about these animals. There are exceptions. There 

is a very good discussion of general issues of mating in 

hermaphrodites with appropriate references in the section 

on love-darts and mating in Helix aspersa, an area of 

active research in Chase’s lab at present. On the other 

hand, Chase discusses Zack (1974) on agonistic behavior 

in Hermissenda crassicornis but not the subsequent work 

that has shown that what was described as agonistic is 

actually sexual behavior (Longley & Longley, 1982; Ru- 

towski, 1983). 

The strengths and weaknesses of this book reflect, for 

the most part, those of the field as a whole. The strengths 

of the model system approach lie in the depth of under- 

standing that can be achieved when a large number of 

researchers focus on a few neurons in a few species. In 

1976, in his rather optimistically titled Cellular Basis of 

Behavior, Eric Kandel reviewed what he anticipated to 

be the future of the field, formulating the important ques- 

tions to be answered and outlining what he anticipated 

that the answers would be, in a strongly reductionist out- 

look, as exemplified by the work of his own laboratory 

on Aplysia californica. Kandel’s book attracted many 

very talented young people to the field because it sug- 

gested that all the secrets of behavior, learning and mem- 

ory were just around the corner, or in the next biochem- 

ical pathway. It is, however, precisely the area of neural 

control of behavior in which progress in molluscan model 

systems has lagged behind that of other organisms such 

as insects, crustaceans, leeches, and so forth. The blame 

lies partly with the fundamental assumptions that have 

guided the field and partly with the neural organization 

of gastropods, which have, in addition to the large acces- 

sible neuron cell bodies in the central ganglia, an exten- 

sive peripheral nervous system (PNS) consisting of a 

plexus of small cells with cell bodies distributed through- 

out the tissues of the body. 

The model system approach has been based on three 

assumptions: (1) that the processes and phenomena ob- 

servable in molluscan neurons would be sufficiently sim- 
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ilar to those of mammals to lead to advances in under- 

standing the human brain; (2) that the behavior of these 

gastropods is “‘simple’’? compared to that of insects or 

vertebrates; and (3) as Ron Chase states in the preface, 

‘that behavior is controlled by the cellular connections 

between specific neurons that operate within knowable 

circuits’’ (p. x). The first assumption is probably less con- 

troversial than it was 20 or 30 years ago. Many phenom- 

ena once thought unique to invertebrates have now been 

found in vertebrates and vice versa. The second assump- 

tion, that of the simplicity of the behavior of euthyneuran 

gastropods, has been something of a Procrustean bed, 

since researchers interested in model systems have neither 

investigated the more complex aspects of behavior in 

these animals, ignoring for the most part, mating behav- 

ior, agonistic behavior, homing, etc., nor have they looked 

for subtlety in the behaviors that have been chosen for 

neurobiological analysis. In general, our understanding of 

the neural control of behavior in gastropods has suffered 

from a shortage of the sort of sophisticated behavioral 

analysis that has characterized much of the work on insect 

and vertebrate systems. The feeling has been that if you 

want to study behavior you should get an insect. Despite 

this emphasis on “‘simple”’ behaviors, the goal of estab- 

lishing a direct relationship in gastropods between the 

behavior of the whole animal and the activity of identified 

neurons and circuits has remained more elusive, perhaps 

due to problems with the third assumption. 

The third assumption, while probably widely accepted 

20 years ago, has become more dubious as evidence has 

accumulated from a variety of systems, including gastro- 

pods, for parallel, distributed processing, self-organiza- 

tion, and multifunctionality in neurons and circuits. In 

fact, some of the pioneering work in these areas came 

from gastropod model systems (e.g., Mpitsos & Cohan, 

1986; Getting & Dekin, 1985). Neither the concepts nor 

the evidence in gastropods are discussed here which is a 

pity because there is growing evidence that parallel, dis- 

tributed processing is important in both mammals and 

gastropods, enhancing the usefulness of the model system 

approach. In gastropods, we know of parallel, distributed 

processing within the CNS component of the Aplysia gill- 

withdrawal reflex (Zochowski et al., 2001; Leonard, 

2000) as well as an overall parallel organization of the 

nervous system by which both motor and sensory infor- 

mation can be carried from point A to point B by two 

different systems, the central nervous system and the 

plexus of the peripheral nervous system. The function of 

the peripheral nervous system was little known when the 

model systems effort was launched and it is still poorly 

known both because it is largely inaccessible to neuro- 

physiological techniques and because it has received little 

attention. Ron Chase’s laboratory has been involved in 

studies of the peripheral nervous system in the penis and 

tentacle of Helix aspersa and he presents a welcome new 

perspective on the types of interactions that can occur 
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between the CNS and PNS in controlling behavior. Kan- 

del (1979) argued that in general the peripheral nervous 

system served to mediate local responses to strong stimuli 

and its contribution could be eliminated by the choice of 

weak stimuli. The current view is almost the reverse: the 

PNS seems to mediate responses to weak to moderate 

stimuli with the CNS responding selectively to strong 

stimuli (see also Walters & Cohen, 1997). The evidence 

for this comes from the work of Chase’s lab with Helix 

aspersa and from the work of several labs on Aplysia gill 

withdrawal reflex, although Chase does not draw the par- 

allel. The role of the peripheral nervous system has been 

particularly controversial in the latter system with Kandel 

and co-workers contending that identified CNS pathways 

are necessary and sufficient for the behavior, whereas oth- 

er labs beginning with Peretz et al. (1976) have shown 

that (a) the PNS is sufficient to mediate the behavior; (b) 

the CNS has not been shown to be necessary; and (c) 

both the circuitry and the behavior are much more com- 

plex than accounted for in the Kandel model. Although 

Chase attempts to present a balanced and judicious view 

of the controversy, he neglects to cite important recent 

papers such as the discovery of an inhibitory gill motor 

neuron (Kurokawa et al., 1999), the important review by 

Walters & Cohen (1997), or the evidence for parallel dis- 

tributed processing (Zochowski et al., 2001; and others) 

and erroneously concludes that the controversy has been 

resolved in favor of the Kandel model. Chase’s decision 

to stick with the assumption of simple, ““knowable”’ cir- 

cuits is, therefore, one that limits the book’s potential as 

a stimulus for future research. 

What this book is not is a comprehensive treatment of 

behavior in gastropods and what is known about the role 

of the nervous system in behavior. Since there is little 

emphasis on comparing or contrasting the state of our 

present knowledge with what was known at the time of 

Kandel’s first book (1976), for example, the reader is left 

with little feeling for how the field has developed. Nor is 

it the sort of inspirational vision of the future offered by 

Kandel (1976). What this book is, is a very readable in- 

troduction to 30 years of work on the neural control of 

behavior in selected euthyneurans from the perspective of 

the model systems community. This reviewer found much 

that was new and of interest here, even though I thought 

I'd been following that literature fairly closely. It will be 

an important resource for model system neurobiologists 

for a long time to come and will also be valuable to those 

malacologists who would like an easy overview of the 

gastropod model systems work. 

Janet L. Leonard 
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New Taxa and New Records of Patelliform Gastropods Associated with 

Chemoautosynthesis-Based Communities in Japanese Waters 
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TAKASHI OKUTANI AND KATSUNORI FUJIKURA 

Japan Marine Science and Technology Center, 2-15, Natsushima, Yokosuka City 237-0061, Japan 

Abstract. New taxa and new distribution records are described for limpets collected by recent dives of Shinkai 2000 

from chemoautosynthetic environments around the Japanese archipelago. They include five new, three described, and 

two unidentified species in five families of Patellogastropoda, Cocculiniformia, Vetiagastropoda, and Neritopsina. Bath- 

yacmaea tertia, B. subnipponica, Serradonta kanesunosensis (Acmaeidae), Pyropelta yamato (Pyropeltidae), and Shin- 

kailepas myojinensis (Shinkailepadidae) are described as new species. Pyropelta yamato represents the first record of 

the Pyropeltidae from the Northwest Pacific. Serradonta kanesunosensis is also noteworthy as the second species of the 

genus which is known only from Japanese vent/seep sites. A review of faunal data revealed that all Japanese limpets so 

far known from chemoautosynthetic environments are endemic to either vent or seep habitat and confined to a narrow 

geographic distribution. 

INTRODUCTION 

Numerous new organisms have been discovered in che- 

mosynthesis-based biological communities occurring 

along active subduction zones, spreading zones (mid- 

ocean ridges), escarpments, submarine volcanoes, oil 

seepages, whale bones, etc. in world oceans since the 

discovery of Galapagos rift fauna in 1977. The fauna at 

vent/seep sites is obviously separated from non-chemo- 

synthetic deep-sea fauna by a high degree of endemism 

at not only the species but also higher-taxon levels, as 

recently reviewed by Warén & Bouchet (2001) in gastro- 

pods. Limpets, or patelliform gastropods, are one of the 

important faunal elements in such specialized habitats and 

communities. They were variously called ‘“‘hot-vent lim- 

pets” at an early stage of systematic studies (e.g., Hick- 

man, 1983; Haszprunar, 1988), and provided the major 

impetus for phylogenetic considerations on Gastropoda as 

a whole. Even at present, the systematic position of some 

“vent limpets,”” such as Neomphaloidea, has not yet been 

at all resolved (Ponder & Lindberg, 1997; Sasaki, 1998; 

McArthur & Koop, 1999). 

Many chemosynthesis-based vent or seep sites have 

been discovered around Japan since the Japan Marine 

Science and Technology Center (SAMSTEC) initiated 

deep-sea surveys in 1983 by using the manned submers- 

ible, Shinkai 2000 (see Kojima, 2002 for review). As a 

result, huge aggregations of Calyptogena Dall, 1891, and 

other mollusks have been reported at many sites along 

trenches, troughs, and submarine volcanoes; and intensive 

investigations have been carried out on molluscan faunas 

of some geographic regions (e.g., Okutani et al., 1992, 

1993; Okutani & Fujiwara, 2000; Okutani & Fujikura, 

2002; Fujikura et al., 2002) and some taxonomic groups 

(e.g., Okutani et al., 1989, 2000; Okutani & Fuyjikura, 

1990, 1992; Hashimoto & Okutani, 1994; Okutani & 

Hashimoto, 1997). In typical taxon-based studies, a series 

of prior descriptions of Japanese Calyptogena were re- 

cently reviewed thoroughly in terms of systematics (Oku- 

tani et al., 2000) and distribution (Fujikura et al., 2000). 

The gastropods from Japanese vent/seep localities, how- 

ever, have been described only sporadically and are still 

relatively poorly known. This study focuses on systematic 

descriptions of limpets, which constitute a conspicuous 

part of gastropod fauna at most localities in Japan. Mor- 

phological observations were made on shell, radular, and 

opercular (if present) characters, and their morphology 

was compared with that of species previously recorded 

from Japanese and non-Japanese sites. 

MATERIALS anD METHODS 

The limpet specimens treated in this paper were all col- 

lected by Shinkai 2000 except a single dredged sample 

(Table 1). They were collected by 14 dives at six locali- 

ties (Figure 1). Specimens were fixed in buffered for- 

malin, and later transferred to 70% ethanol. A scanning 

electron microscope (Hitachi S-2400 in the Department 

of Earth and Planetary Sciences, University of Tokyo) 

was used to observe the shells of small species and the 
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Table 1 

Source of the present material. 

The Veliger, Vol. 46, No. 3 

Locality Dive* Date N. latitude E. longitude Depth (m) 

North Knoll of Iheya Ridge 672 May 14, 1993 27° 33.00 126° 58.00 1390 
North Knoll of Iheya Ridge 863 May 7, 1996 27° 47.18 126° 54.15 1049 

North Knoll of Iheya Ridge 975 September 21, 1997 27° 47.22 126° 53.92 976 

North Knoll of Iheya Ridge 978 September 25, 1997 27° 47.17 126° 53.91 990, 

North Knoll of Iheya Ridge 1094 May 8, 1999 27° 47.22 126° 53.91 996 
North Knoll of Iheya Ridge 1094 May 8, 1999 27° 47.02 126° 54.00 1000 
Izena Hole Dredge** June 25, 1989 27° 16.00 127° 05.00 1430 

Izena Hole 360 September 3, 1998 27° 16.00 127° 05,00 1430 

Kanesunose Bank 770 November 24, 1994 34° 17.5 138° 15.0 273-290 

Kanesunose Bank 772 November 26, 1994 34° 17.5 138° 15.0 284-304 

Kanesunose Bank 816 October 2, 1995 34° 17.06 138° 14.86 322 
Myojin Knoll 1112 June 29, 1999 32° 06.2 139° 52.0 1288-1340 
Myojin Knoll 1115 July 3, 1999 32° 06.2 139° 52.0 1260-1290 
Ryuyo Canyon 898 September 16, 1996 34° 11.50 137° 45.50 1110 

Sumisu Caldera 1017 May 26, 1998 31° 27.97 140° 04.44 676 

* Dive number of Shinkai 2000. 

** Cruise DK89-1-OKN Leg.?2. 

radulae of all species. Soft tissue enclosing radulae was 

chemically dissolved in a commercial bleach without 

heating. The time of treatment was not constant but great- 

ly variable, depending on the size of the specimens. Ob- 

servations of radular teeth were made at non-abraded por- 

tions of anterior rows. 

Holotypes and a few selected paratypes of new species 

and illustrated specimens of all species were registered 

and deposited in the Department of Historical Geology 

and Paleontology, The University Museum, The Univer- 

sity of Tokyo (UMUT). The remaining large number of 

paratypes and other non-new taxa are preserved in the 

collection of Japan Marine Science & Technology Center 

(JAMSTEC). In the descriptions, the following abbrevi- 

ations are used: SH = shell height, SL = shell length, 

SW = shell width. 

SYSTEMATIC DESCRIPTIONS 

Class GASTROPODA 

Subclass EOGASTROPODA 

Order PATELLOGASTROPODA 

Family ACMAEIDAE Forbes, 1850 

Genus Bathyacmaea Okutani, Tsuchida & 

Fujikura, 1992 

Diagnosis: Shell patelliform, pure white; apex central to 

slightly anterior; surface often eroded, roughened with 

exposed inner foliated layer. Radula docoglossate with 

formula O-1-0-1-0; lateral teeth elongate with straight 

shaft, aligned obliquely; their tips divided into three 

cusps; basal plate thick, marked by single pair of scars 

of lateral teeth. 

Bathyacmaea secunda Okutani, Fujikura & Sasaki, 

1993 

(Figures 2, 3A) 

Bathyacmaea secunda Okutani, Fujikura & Sasaki, 1993: 

130, figs. 13-19; Okutani & Fujiwara, 2000: 124, figs. 

2-3; Sasaki, 2000: 27, pl. 13, fig. 5. 

New records: 60 specimens in JAMSTEC (008465 to 

008524) from North Knoll of Iheya Ridge, 1049 m deep, 

Shinkai 2000 Dive 863; 2 specimens in JAMSTEC 

(006610 to 006611) from North Knoll of Iheya Ridge, 

990 m deep, Shinkai 2000 Dive 978; 15 specimens in 

JAMSTEC (010739 to 010753) from the same locality, 

1390 m deep, Shinkai 2000 Dive 672; a single specimen 

in JAMSTEC (010951) from Izena Hole, 1430 m deep, 

Dredge: DK89-1-OKN Leg. 2. 

Distribution: Minami Ensei Knoll, near Amami Islands, 

Izena Hole and North Knoll of [heya Ridge, all in Oki- 

nawa Trough, 700 to 1430 m deep. 

Remarks: The shell of this species is characterized by 

having (1) a wide circular shell aperture whose SW/SL 

ratio is approximately 0.9, (2) exterior ornamentation 

with weakly granular radiating threads, (3) a broad ex- 

tension of the marginal area in ventral view (Figure 2B), 

and (4) a prominently extensive form of outermost cusp 

of the lateral tooth (Okutani et al., 1993: figs. 18, 19). 

The habitat is restricted to bathyal chemoautosynthetic 

environments in the Okinawa Trough region. 

Bathyacmaea tertia Sasaki, Okutani & Fujikura, 

sp. Nov. 

(Figures 3B, 4, 5) 

Type material: Holotype (UMUT RM27955); paratype 

#1 (UMUT RM27956); paratype #2 (UMUT RM27957), 
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Figure 1. Localities of material examined. 

Diagnosis: Surface smooth, lacking granular radial riblets 

and rough growth rings. Aperture oval. Anterior and pos- 

terior slopes straight to slightly concave in lateral view. 

Radular teeth with obtuse innermost cusp, thin and trans- 

all from North Knoll of Iheya Ridge, 996 m deep, Shinkai 

2000 Dive 1094; a single specimen in JAMSTEC 

(016365) from the same locality, 1000 m deep, Shinkai 

2000 Dive 1094. 
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Figure 2. Bathyacmaea secunda Okutani, Fujikura & Sasaki, 1993. UMUT RM27953. North Knoll of Iheya Ridge, 990 m deep, 

Shinkai 2000 Dive 978. 

Figure 3. Juveniles of two Bathyacmaea species. A. Bathyacmaea secunda Okutani, Fujikura & Sasaki, 1993. UMUT RM27954. 

North Knoll of Iheya Ridge 990 m deep, Shinkai 2000 Dive 978 B. Bathyacmaea tertia Sasaki, Okutani & Fujikura, sp. nov. UMUT 

RM27958. North Knoll of [heya Ridge 1000 m deep, Shinaki 2000 Dive 1094. 
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versely straight middle cusp, round-shouldered and en- 

rolled outermost cusp, and stout shaft without longitudi- 

nal furrow. 

Description: Shell patelliform, oval, longer than wide; 

SW about 75-81% of SL. Apex moderately high; heavily 

eroded; SH 36-42% of SL. Exterior surface opaque 

white, ornamented with dense incremental lines and mi- 

croscopic radial threads, exhibiting delicate clothlike 

sculpture, lacking ribs and granular sculpture, partially 

encrusted with black substance. Interior surface clearly 

divisible into four commarginal circular zones from edge 

to apical center, viz. marginal, intermediate, muscle scar, 

and inner zones. Marginal zone opaque, thinly extended, 

fragile. Intermediate and central areas thickened in white. 

Muscle scar composed of two elements, thinner scar of 

pallial muscle anteriorly and thicker horseshoe-shaped 

scar of pedal retractor muscle posteriorly. Anterior and 

posterior slopes in lateral view almost straight to slightly 

concave. Apertural margin straight in lateral view. 

Radula docoglossate with formula O-1-0-1-0 [laterals 

counted as single pair rather than three because of entirely 

undivided shafts and corresponding scars on basal plates]. 

Lateral teeth elongated with tripartite cusps and straight, 

stout shaft. Innermost cusp sickle-shaped, slenderest 

among three, situated in more anterior position than other 

two, demarcated from shaft by longitudinal groove (Fig- 

ure 5A). Middle cusp oblique to innermost cusp, broadly 

triangular, with shallowly concave top and sharp straight 

transverse edge. Outermost cusp oblique to middle cusp, 

reflected dorsally with slightly concave cutting edge (Fig- 

ure 5B), fused with middle cusp on shaft. 

Measurements (SL x SW x SH in mm): Holotype 12.5 

x 7.0 X 5.7, paratype #1 11.1 X 9.0 X 3.3, paratype #2 

122 X95 Xx 4.4. 

Distribution: North Knoll of Iheya Ridge, Okinawa 

Trough, 996-1000 m deep. 

Etymology: The species name is “the third’’ in Latin, as 

this is the third species of the genus from Japanese wa- 

ters. This does not mean the third discovery of the mem- 

ber of the genus, as another species of this genus has been 

already described from Edison Seamount (Beck, 1996). 

Remarks: The possession of radular teeth with long 

shafts and tripartite cusps indicates that this taxon belongs 

to the genus Bathyacmaea established by Okutani et al. 

(1992). At the type locality, B. tertia is sympatric with B. 

secunda, but the former has a smoother surface and a 

more elongated aperture than the latter (Figure 3). In rad- 

ular characters the difference from B. secunda is partic- 

ularly apparent in the less widely extended outermost cup 

and long stout shaft lacking a longitudinal furrow (Oku- 

tani et al., 1993: fig. 19). B. tertia is also different from 

another known species B. nipponica in the absence of a 

coarsely reticulated sculpture, although the radular mor- 

phology is rather similar (Okutani et al., 1992: fig. 10). 
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Bathyacmaea subnipponica Sasaki, Okutani & 

Fujikura, sp. nov. 

(Figure 6) 

Type material: Holotype (UMUT RM 27959) from Ryu- 

yo Canyon, 1100 m deep, Shinkai 2000 Dive 898. 

Diagnosis: Surface densely cancellated, not granular nor 

smooth. Aperture oval. Anterior and posterior slopes 

weakly convex in lateral view. Middle cusp of radula not 

thickened on inner side; outer cusp laterally extended 

with pointed tip. 

Description: Shell (Figures 6A, B) patelliform, elongate 

oval; SW 74% of SL. Apex moderately high, heavily 

eroded, situated at anterior 43% of SL; SH 41% of SL 

(Figure 6C). Surface opaque white, sculptured by irreg- 

ularly and densely spaced radial riblets, presenting bead- 

ed appearance, being cut by concentric incremental lines. 

Internal surface shining. Translucent marginal area very 

narrow; remaining inner areas thickened in pure white. 

Muscle scar consisting of thin horseshoe-shaped part and 

more attenuated anterior part. Anterior and posterior 

slopes obviously concave in lateral view. Apertural mar- 

gin straight in lateral view. 

Radula docoglossate with formula O-1-0-1-0. Lateral 

teeth composed of three cusps attached to anterior end of 

long shaft. Innermost cusp elongated with smoothly 

pointed tip, apparently separated from remaining two 

cusps but fused with ventral side of middle cusp. Middle 

cusp posterior to former cusp, spoon-shaped with trans- 

versely broadened straight edge, twice as wide as inner- 

most cusp. Outermost cusp posterolateral to middle cusp, 

alate with outwardly pointed lobe. Shaft situated oblique- 

ly; attachment to basal plate greatly expanded. Basal plate 

wider than long; both anterior outer corners markedly 

protruded; anterior margin concave; posterior margin 

convex; lateral margin almost straight; prominent straight 

keel arising on midline. Attachment scar of lateral teeth 

shaft trapezoidal (Figure 6G). 

Measurements (SL xX SW x SH in mm): Holotype 9.2 

X 6.8 X 3.8. 

Distribution: Ryuyo Canyon in Nankai Trough, 1100 m 

deep. 

Etymology: The species name is given to suggest a close 

resemblance of B. nipponica Okutani, Tsuchida & Fuyjik- 

ura, 1992, the type species of the genus. 

Remarks: This new species resembles B. nipponica in 

having an oval aperture and densely cancellated, non- 

granular surface. In radular characters, however, B. sub- 

nipponica is clearly distinguished from B. nipponica 

(Figure 6; Okutani et al., 1992: fig. 11): the middle cusp 

is thicker on the inner side in B. nipponica but on the 

outer side in B. subnipponica; the outermost cusp 1s elon- 
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gate with rounded margin in B. nipponica but broadened 

with acutely pointed tip in B. subnipponica. 

Bathyacmaea sp. 

(Figure 7) 

Material examined: A _ single specimen (UMUT 

RM27960) from Sumisu Caldera, 676 m deep Shinkai 

2000 Dive 1017. 

Description: Shell tiny, chipped in anterior apertural 

area. Aperture oval; SW about 80% of SW. Apex slightly 

anterior to center, heavily eroded. Surface ornamented 

with rather regularly spaced radial riblets crossed by also 

regularly spaced concentric annulation, exhibiting a can- 

cellate sculpture. Anterior and posterior slopes straight; 

apertural margin planar in lateral view. Radula docoglos- 

sate with formula O-1-0-1-0. Lateral teeth with tripartite 

cusps. Inner cusp situated incurved, claw-shaped, at high- 

er position. Middle cusp far broader than inner one with 

incurved convex top. Outer cusp triangular, acutely point- 

ed laterally, ridgelike structure arising from basal plates 

sagittally. 

Measurements (SL x SW x SH in mm): ca. 3 (broken) 

x DA x 1D, 

Distribution: Sumisu Caldera, 676 m. 

Remarks: A single specimen with chipped margin prob- 

ably represents another new species of the genus Bath- 

yacmaea. It is well characterized by having a cancellated 

sculpture and acutely triangular outermost cusp on the 

lateral teeth. However, we hesitate to establish a new tax- 

on based on a tiny, incomplete single specimen which 

may not be a fully grown representative of the species. 

Genus Serradonta Okutani, Tsuchida & Fujikura, 

1992 

Diagnosis: Shell longitudinally elongate, pure white; ex- 

terior surface devoid of prominent sculpture; apex central 

and elevated in highest position; aperture not flat, convex 

in lateral view, concave in sagittal view; anterior and pos- 

terior slopes both convex in lateral view. Radula formula 

O-1-0-1-0; lateral teeth fan-shaped, very finely crenulated 

on cutting edge. 

Serradonta kanesunosensis Sasaki, Okutani & 

Fujikura, sp. nov 

(Figure 8) 

Type material: Holotype (UMUT RM27961), paratype 

#1 (UMUT RM27962), paratype #2 (UMUT RM 27963), 
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all from Kanesunose Bank, Nankai Trough, 322 m deep, 

Shinkai 2000 Dive 816. Two paratypes in JAMSTEC 

from Kanesunose Bank, Nankai Trough, 284-304 m 

deep, Shinkai 2000 Dive 772. 

Diagnosis: Shell laterally compressed. Juvenile shell 

sculptured with concentric and radial riblets producing 

tubercles at their intersections but mostly smooth in adult. 

Inner cusp of radula strongly incurved; middle cusp in- 

dented with nine denticles; middle and outermost cusps 

partially overlapped. 

Description: Shell patelliform; aperture elliptical with lat- 

eral margins somewhat parallel to each other; SW about 

62% (Figure 8A) to 70% (Figure 8B) of SL. Apex situated 

in center (50% of SL). Surface white, ornamented with low 

radial riblets at early juvenile stage but diminishing distal- 

ly. Concentric growth lines rather distinct, sometimes ir- 

regular. Internal surface white with horseshoe-shaped shell 

muscle scar. Anterior and posterior slopes convex. Aper- 

tural margin not flat; anterior and posterior margins con- 

cave; lateral margins convex in lateral view. 

Radula docoglossate with formula Q-1-0-1-0. Lateral 

teeth lunate, fan-shaped, consisting of three elements. In- 

nermost cusp incurved like hook with pointed tip, situated 

at anterior top. Middle cusp armoured with nine comb- 

like, sharp denticles, with long shaftlike fold and cleft 

which are fused with bases of neighboring cusps. Outer- 

most cusp considerably larger than former two, sharply 

serrated with 26 denticles. 

Measurements (SL x SW xX SH in mm): Holotype 4.9 

x 2.5 X 2.1, paratype #1 4.5 x 3.0 X 2.1, paratype #2 

Bo < Ds <K% DO, 

Distribution: Kanesunose Bank, 284—332 m deep. 

Etymology: The species name is based on the name of 

type locality, Kanesunose Bank. 

Remarks: This species is very similar to Serradonta ves- 

timentifericola Okutani, Tsuchida & Fujikura, 1992, 

which was the only previously known member of the ge- 

nus. They share characteristic features of laterally com- 

pressed shell with centrally positioned apex, longitudi- 

nally concave apertural margin, and a single pair of fan- 

shaped, tripartite lateral teeth in each radular row. The 

differences are, however, obvious in shell and radular 

characters: (1) the aperture is more prolonged longitudi- 

nally in S. vestimentifericola; (2) striation on the exterior 

shell surface disappears at juvenile stage in S. kanesu- 

nosensis but persists throughout the entire ontogeny in S. 

vestimentifericola; (3) the inner cusp is strongly incurved 

Figure 4. Bathyacmaea tertia Sasaki, Okutani & Fujikura, sp. nov. North Knoll of Iheya Ridge, 969 m deep, 

Shinkai 2000 Dive 1094. A-C. Holotype (UMUT RM27955). D-F. Paratype #1 (UMUT RM27956). G-I. Paratype 

#2, (UMUT RM27957). 



Page 196 The Veliger, Vol. 46, No. 3 

& 
— 

—_ 
=, 

S 
a) 
= 

Figure 5. Bathyacmaea tertia Sasaki, Okutani & Fujikura, sp. nov. Radula of holotype (UMUT RM27955). North Knoll of Iheya 

Ridge, 969 m deep, Shinkial 2000 Dive 1094. A, B. Dorsal view. Single right tooth is removed to show the shaft of tooth in figure B. 

IC = innermost cusp, MC = middle cusp, OC = outermost cusp. C, D. Inclined view showing details of cusp and base of lateral teeth 

on the right side. 
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and hooklike in S. kanesunosensis but only weakly 

curved and spurlike in S. vestimentifericola; (4) middle 

cups bear nine cusps in S. kanesunosensis but seven 

cusps in S. vestimentifericola; (5) middle and outermost 

cusps are partially overlapping in S. kanesunosensis but 

juxtaposed in S. vestimentifericola. The habitat of S. ves- 

timentifericola is on a vestimentiferan tube at a seep site 

at bathyal depths (1110-1200 m), but the present speci- 

mens were collected from unspecified substratum in shelf 

zone (284-332 m). A parallel-sided concave aperture 

suggests S. kanesunosensis also inhabits tubular struc- 

tures as in S. vestimentifericola. 

Subclass ORTHOGASTROPODA 

Order COCCULINIFORMIA 

Family PYROPELTIDAE McLean & Haszprunar, 

1987 

Genus Pyropelta McLean & Haszprunar, 1987 

Diagnosis: Shell oval to circular; apex central at highest 

position; surface mostly or complately eroded, sculptured 

by smooth concentric lines in intact area and by non- 

parallel, rough-edged irregular rings in eroded condition. 

Muscle scar undivided, horseshoe-shaped, with prominent 

inward processes. Radula rhipidoglossate with formula n- 

5-1-5-n. Central tooth broad, platelike. First to third lat- 

eral teeth in similar form and size; cusp weakly serrated, 

elongate longitudinally. Fourth teeth larger than remain- 

ing pairs. Bases of all lateral teeth interlocking. For an- 

atomical characters, see McLean & Haszprunar (1987). 

Pyropelta yamato Sasaki, Okutani & Fujikura, sp. 

nov. 

(Figure 9) 

Type material: Holotype (UMUT RM27964) from Sum- 

isu Caldera, 676 m deep, Shinkai 2000 Dive 1017. 

Diagnosis: Aperture circular; apex depressed, nearly in 

center; exterior surface roughened by terraced sculpture of 

non-parallel increments with rough edges. Central tooth of 

radula hexagonal; fifth lateral teeth weakly developed. 

Description: Shell low, tiny, patelliform; SW 91% of SL. 

Apex situated slightly posterior to center. Exterior surface 

dull white, coarsely sculptured by irregularly spaced in- 

crements which are not parallel to each other and exhibit 

rough edges. Aperture circular but irregular in outline in 

dorsal view, completely flat in lateral view. Interior sur- 

face smooth, white in color. Muscle scar horseshoe- 

shaped, with anterior ends greatly enlarged. 

Radula rhipidoglossate with formula n-5-1-5-n. Central 

tooth hexagonal with roundly reflected lateral margin 

with tapering but truncated base; top obsolete with nearly 

straight margin. First to third lateral teeth similar in size 

and in shape, with blunt tip and delicate serrations along 
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their sides. Fourth lateral teeth obliquely slanting, en- 

larged in width. Fifth lateral teeth with short cutting edge. 

Shaft of lateral teeth folded into L-shape; their concave 

inner edges interlocking with overlying next outer teeth. 

Fourth and fifth laterals with broadly lobate shaft unlike 

those of first to third laterals. Marginal teeth at least more 

than 30 in number of pairs, similar in size and in shape, 

with hooked tip and deep serration of minute spines; deep 

groove present below cusp; shaft weakly arcuate. 

Measurements (SL x SW xX SH in mm): Holotype 2.8 

xe2tO xed 

Distribution: Sumisu Caldera, Izu-Ogasawara Ridge, 

676 m deep. 

Etymology: The species name ‘“‘yamato”’ is an old name 

of Japan which is still used in an elegant sense. 

Remarks: The occurrence of this species is noteworthy 

as the first record of the Pyropeltidae from the northwest 

Pacific. It is the fifth addition to four already described 

species, namely P. musaica McLean & Haszprunar, 1987, 

P. corymba McLean & Haszprunar, 1987, P. wakefieldi 

McLean, 1992, all from the northeast Pacific, and P. boh- 

lei Beck, 1996, from the southwest Pacific. Among 

known species of Pyropelta, this new species is especially 

similar to P. musaica in shell morphology, particularly in 

its circular aperture, depressed profile, and coarsely foli- 

ated surface. However, the central tooth of the eastern 

Pacific species is broader in anterior margin, and the fifth 

lateral teeth are more prominent than in the present new 

species. Pyropelta musaica is also different in having a 

higher shell profile, and P. wakefieldi has a shorter central 

tooth and a more anteriorly located fifth lateral teeth than 

P. yamato. A southwestern Pacific species, P. bohlei, dif- 

fers in having a more elongate aperture, a broader central 

tooth, and a more acutely serrated fifth lateral tooth. 

Order VETIGASTROPODA 

Family FISSURELLIDAE Fleming, 1822 

Genus Puncturella Lowe, 1827 

Diagnosis: Shell with foramen and selenizone on anterior 

slope; inside of foramen partially sealed with septum. 

Apex positioned posteriorly, protruding over posterior 

slope. Anterior slope convex; posterior slope concave in 

lateral view. Radular rhipidoglossate with formula n-5-1- 

5-n; central to fourth lateral teeth slender; fifth lateral teeth 

pronounced, pluricuspid with inner and outer denticles. 

Puncturella parvinobilis Okutani, Fujikura & 

Sasaki, 1993 

(Figure 10) 

Puncturella parnobilis Okutani, Fujikura & Sasaki, 1993: 

128, figs. 8-12; Okutani & Fujiwara, 2000: 123, fig. 4: 

Sasaki, 2000: 51, pl. 25, fig. 34. 
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Figure 7. Bathyacmaea sp. UMUT RM27960. Sumisu Caldera, 676 m deep, Shinkai 2000 Dive 1017. A. Dorsal view of the shell. B. 

Radula. IC = innermost cusp, MC = middle cusp, OC = outermost cusp. 

New records: 3 specimens in JAMSTEC (008596 to 

008598) from North Knoll of Iheya Ridge, 1049 m deep, 

Shinkai 2000 Dive 863; a single specimen in JAMSTEC 

(0019-88) from Izena Hole, 1430 m deep, Shinkai 2000 

Dive 360. 

Distribution: Minami Ensei Knoll, Izena Hole, North Knoll 

of Iheya Ridge, all in Okinawa Trough, 690-1430 m deep. 

Remarks: This slit limpet is not a common faunal con- 

stituent in the vent environment in Okinawa Trough. 

Since this species was described from Minami Ensei 

Knoll, 690 m deep, two more specimens have been col- 

lected from the North Knoll of Iheya Ridge, 1050 m deep 

(Okutani & Fujiwara, 2000). The present findings are 

only additions from the same locality, as well as from the 

nearby new locality, Izena Hole, in slightly greater depth 

than the bathymetric range in previous records. 

Family LEPETODRILIDAE McLean, 1988 

Genus Lepetodrilus McLean, 1988 

Diagnosis: Shell patelliform to broadly coiled; apex sit- 

uated posteriorly in midline or at slightly posterior right, 

not in highest position of shell in most speices. Anterior 

lope long, convex; posterior slope short, concave in lat- 

eral view. Protoconch paucispiral, sculptured with fine 

pits. Periostracum thick, reflected inside at shell margin. 

Radula rhipidoglossate with formula n-5-1-5-n. Central 

tooth shortest of all. Five pairs of lateral teeth in inverted 

V-configuration with third pair at midpoint; first pair par- 

ticularly prominent. For anatomical characters, see Mc- 

Lean (1988), Fretter (1988) and Sasaki (1998). 

Lepetodrilus nux (Okutani, Fujikura & Sasaki, 

1993) 

(Figure 11) 

Rhyncopelta? nux Okutani, Fujikura & Sasaki, 1993: 134, 

figs. 30-33. Lepetodrilus nux: Sasaki, 1998: 94, figs. 

62, 63a-e, 64a—d, 65a—h; Sasaki, 2000: 35, pl. 7, fig. 1. 

New records: 50 specimens in JAMSTEC (006612 to 

00661) from North Knoll of Iheya Ridge, 990 m deep, 

Shinkai 2000 Dive 978 and over 170 specimens in JAM- 

Figure 6. Bathyacmaea subnipponica Sasaki, Okutani & Fujikura, sp. nov. UMUT RM27959. Ryuyo Canyon, 

1100 m deep, Shinkai 2000 Dive 898. A—C. Shell. A. Dorsal view. B. Ventral view. C. Left lateral view. D-G. 

Radula. D. Dorsal view of intact radular teeth. IC = innermost cusp, MC = middle cusp, OC = outermost cusp. 

E. Intact radular teeth slightly inclined forward, showing connection of three cusps. F. Long shaft and its attachment 

on basal plates exposed on the left side. G. Basal plates with all radular teeth removed. 
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STEC (010754 to 010933) from Iheya Ridge, 1390 m 

deep, Shinkai 2000 Dive 672. 

Distribution: Izena Hole, North Knoll of Iheya Ridge, 

990-1390 m deep. 

Remarks: This species was questionably described as a 

peltospiroid species, but Sasaki (1998) confirmed that it 

is a member of Lepetodrilus on anatomical grounds. All 

specimens studied by Sasaki (1998) were of nearly max- 

imum size for this species and they were revealed to be 

female by reproductive anatomy. So far, no descriptions 

have been made on the anatomy of male specimens in 

this species. 

Besides many adult specimens, very young specimens 

with intact protoconch were collected for the first time in 

the material in this study. The protoconch is well delim- 

ited from the teleoconch, 190 4m in maximum length, 

and covered with sharply demarcated, uniform and shal- 

low pits on its surface (Figure 13D). The early teleoconch 

whorl is characterized by regularly spaced growth lamel- 

lae and obsolete radial threads, both of which are ob- 

scured with growth. McLean (1988) described the pro- 

toconch of some representatives of the genus Lepetodrilus 

as 120 to 130 pm in maximum length but did not mention 

the sculpture. The protoconch of L. atlanticus illustrated 

by Warén & Bouchet (2001) has a much coarser pitted 

sculpture with a diameter 200 wm, and the pits are spi- 

rally arranged to some extent. 

Order NERITOPSINA 

Family PHENACOLEPADIDAE Pilsbry, 1895 

Genus Shinkailepas Okutani, Saito & Hashimoto, 

1989 

Diagnosis: Shell limpet-shaped; apex located near pos- 

terior end or slightly on right side; protoconch multispir- 

al; periostracum very thin. Shell densely penetrated by 

thin mantle papillae; corresponding minute pores clearly 

visible on inner surface. Operculum entirely inside of an- 

imal, calcified anteriorly, corneous posteriorly; initial part 

with paucispiral line around nucleus distinguished by sub- 

sequent non-spiral incremental lines. Radula rhipidoglos- 

sate with formula n-4-1-4-n. Central tooth quadrate with 

indistinct cusp. First lateral teeth elongate obliquely; sec- 

ond and third teeth smaller; fourth lateral teeth of mod- 

erate size and nearly straight longitudinally. Right ce- 

phalic lappet of animal transformed into penis with sem- 

inal groove in male. 
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Shinkailepas myojinensis Sasaki, Okutani & 

Fujikura, sp. nov. 

(Figures 12, 13) 

Type material: Holotype (UMUT RM27970), paratype 

#1 (UMUT RM27971), paratype #2 (UMUT RM27972), 

paratype #3 (UMUT RM27973), and 24 paratypes in 

JAMSTEC (017095 to 017118) all from Myojin Knoll, 

1288-1340 m deep, Shinkai 2000 Dive 1112; 21 para- 

types in JAMSTEC (016739 to 016760) from the same 

locality, 1260-1290 m deep, Shinkai 2000 Dive 1115. 

Diagnosis: Shell elongated, symmetrical in outline; ap- 

ertural lateral margins nearly parallel; apex adjacent to 

posterior end. Surface sculptured by fine granulous radial 

riblets. Operculum wider than long with anterior left cor- 

ner strongly projected. Lateral teeth of radula indented 

with five denticles in the second teeth and with five to 

six denticles in the fourth teeth. 

Description: Shell low-capuliform elongate oval, with 

subparallel-sided margins. Protoconch multispiral, invo- 

lute, attaining 660 wm in maximum length, smooth ex- 

ternally except for delicate growth lines (Figures 13C, D); 

initial part of protoconch embedded at apex, visible only 

in central part. Aperture of juvenile abruptly expanded to 

become limpet form (Figures 13A, B). Apex of grown 

teleococnch weakly inclined toward posterior right, situ- 

ated at margin after metamorphosis but shifted inside 

with growth, finally situated at about 10% SL ahead. Ap- 

erture completely flat and straight in lateral view. Exterior 

surface ornamented with radial riblets being granulous or 

even finely spinulous; secondary riblets intercalated be- 

tween equally spaced primary riblets; all kinds of sculp- 

ture disappearing toward shell margin in adult (Figures 

12A, B). Surface coated with extremely thin, yellowish 

periostracum, frequently deposited by black substance in 

apical to middle portions. Internal surface dull grayish 

centrally. Apertural margin of interior flattened, some- 

what brimlike; its posterior side thickened with shelflike 

septum reaching 25% of SL. Interior area except margin 

and septum densely pitted with numerous pores of vari- 

ous size; some of them penetrating whole thickness of 

shell, opening exteriorly (Figures 12A—C). 

Operculum fragile, trapezoidal with anterior side short- 

er than posterior, calcified ventrally at anterior two-thirds, 

corneous at posterior one-third. Anterior margin concave, 

posterior margin convex, lateral margins straight; anterior 

right corner obtusely protruded. Nucleus situated near left 

margin. Initial part around nucleus spirally coiling, dis- 

Figure 8. Serradonta kanesunosensis Sasaki, Okutani & Fujikura, sp. nov. Kanesunose Bank, Nankai Trough, 

322 m deep, Shinkai 2000 Dive 816. A, B. Dorsal view of the shell. A. Holotype (UMUT RM27961). B. Paratype 

#1 (UMUT RM27962). C, D. Radular teeth of holotype (UMUT RM27961). C. Dorsal view of the radula. D. Inner 

side view of single right radular tooth. IC = innermost cusp, MC = middle cusp, OC = outermost cusp. 
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Figure 9. Pyropelta yamato Sasaki, Okutani & Fujikura, sp. nov. Sumisu Caldera, 676 m deep, Shinaki 2000 Dive 1017. UMUT 

RM27964. A. Dorsal view of the shell. B, C. Central (C) to fifth lateral (LI—L5) teeth. D. Right marginal teeth. 

tinctly demarcated off from remaining part lacking spiral 

growth lines. 

Radula rhipidoglossate with formula of n-4-1-4-n. Cen- 

tral tooth (C in Figure 12E) quadrate, longer than wide, 

with no distinct cusp on top, but with weakly concave 

rim and steplike rectangular depression in middle. First 

lateral teeth (1L) elongate parallelogrammatic; anterior 

margin inrolled, toothless; lateral margin adjoining sec- 

ond teeth, reinforced by reflected oblique keel; anterior 

outer corner extended as smooth small plate. Second lat- 

eral teeth (L2) with small cutting edge, armored with five 

low cusps. Third lateral teeth (L3) with no cusps on an- 

terior top, but winglike projections behind top interlocked 

with serrated teeth. Fourth lateral teeth (L4) with five to 

six cusps among which innermost one is the largest; shaft 

weakly curved, carrying undulating axial flexures. Mar- 

ginal teeth numerous in number, probably more than 60 

in single row; cutting edge small, serrated with four to 

eight sharp denticles; deep embayment present below in- 

flected cusp; shaft slender, gently curved. 

Measurements (SL x SW x SH in mm): Holotype: 6.8 

x 5.2 X 2.5, paratype #1 6.2 X 5.2 X 2.3, paratype #2 

8.0 X 6.9 X 3.1, paratype #3 6.3 X 4.7 X 2.7. 

Distribution: Myojin Knoll, Ogasawara Ridge, 1260— 

1340 m deep. 

Etymology: The specific name is given after the name of 

type locality. 

Remarks: Three species have been described in the ge- 

nus Shinkailepas, namely, S. kaikatensis Okutani, Saito 

& Hashimoto, 1989, from Kaikata Seamount, off Oga- 

sawara Islands, S. tufari Beck, 1992 from Manus Basin, 

southeastern Pacific, and S. briandi Warén and Bouchet, 

2001 from Mid-Atlantric Ridge. S. myoinensis is mark- 

edly differentiated from S$. kaikatensis in opercular char- 
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Figure 10. Puncturella parvinobilis Okutani, Fujikura & Sasaki, 1993. UMUT RM27965. North Knoll of Iheya Ridge, 1049 m deep, 

Shinkai 2000 Dive 863. A. Dorsal view. B. Ventral view. C. Left lateral view. 

acters: The operculum is longitudinally longer than wide 

with rounded corners in S. kaikatensis, but in contrast, it 

is wider than long with the anterior left corner more 

prominently protruding in S. myojinensis. In shell char- 

acters, S. myojinensis has a more elongate apertural out- 

line and finer exterior sculpture than S. kaikatensis. In 

radular characters, S. kaikatensis has a more flared shaft 

in the first lateral teeth and possesses a smaller number 

and stronger cusps on the fourth lateral teeth. 

Shinkailepas tufari is also distinct from S. myojinensis 

in having a more posteriorly positioned apex at similar 

shell length, more roughened radial ribs, smaller exten- 

sion of inner septum, and more rounded form of oper- 

culum (Beck, 1992a: figs. 1, 2, 4). In radular characters, 

the reflection of anterior margin in the first lateral teeth 

is more pronounced in S. tufari (Beck, 1992a: fig. 3). 

Shinkailepas briandi is clearly distinguished from S. 

myojinensis in retaining a degree of coiling, granular rib- 

lets of nearly constant thickness, and transversely trape- 

zoid operculum (Warén & Bouchet, 2001: figs. 16a, b, 

32). In radular characters, cutting edges of second and 

fourth lateral teeth are less denticulated, and the shaft of 

the third lateral tooth is attenuated in S. briandi (Warén 

& Bouchet, 2001: fig. 31d). 

Shinkailepas sp. 

(Figure 14) 

Material examined: Single specimen (UMUT RM 

27976) from North Knoll of Iheya Ridge, 976 m deep, 

Shinkai 2000 Dive 975. 

Measurement (SL <x SW xX SH in mm): 9.2 X 7.1 X 2.9. 

Remarks: This species is slightly different from the 

above species in exhibiting more prominent exterior ribs 

which are not very granulous. However, we cannot make 

taxonomic judgment with confidence because sufficient 

specimens of equivalent size are not available for com- 

parison between these two species. Legitimate identifi- 

cation therefore must await collection of new material. 

DISCUSSION 

The dominance of patelliform gastropods with docoglos- 

sate or rhipidoglossate radula is one of the prominent 

characteristics of vent/seep molluscan faunas (Warén & 

Bouchet, 2001; Lindberg & Ponder, 2001). These limpets 

belong to various higher taxa and obviously do not con- 

stitute a monophyletic group. The possession of limpet 

form is the most conspicuous case of multiple conver- 

gence in gastropod shell morphology. Among various 

gastropod limpets, all patellogastropods (Eogastropoda) 

secrete a symmetrically tubular protoconch (primary lim- 

pets), while limpets of the remaining higher taxa (Ortho- 

gastropoda) originate from a spirally coiled form in ontog- 

eny and probably also in phylogeny (secondary limpets) 

(Haszprunar, 1988; Ponder & Lindberg, 1997; Sasaki, 

1998). It also should be noted that no caenogastropods or 

heterobranchs have achieved a limpet form in chemosyn- 

thetic communities. 

The limpets from vent/seep sites are currently classified 

into nine families as mentioned below. Among them, six 

families, Neoleptopsidae, Acmaeidae, Pyropeltidae, Fissu- 

rellidae, Lepetodrilidae, and Shinkailepadidae are known 

from Japanese vent/seep sites (Table 2). 

(1) Neolepetopsidae (Patellogastropoda): Three genera 
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Figure 11. Lepetodrilus nux (Okutani, Fujikura & Sasaki, 1993). North Knoll of Iheya Ridge 1390 m deep, Shinaki 2000 Dive 672. 

A-C. Dorsal view of juvenile shells. D. Enlarged view of the protoconch. Arrowhead indicates the proto- and teleoconch boundary. A. 

UMUT RM27966. B, D. UMUT RM27967. C. UMUT RM27968. 

have been described so far in this family. Neolepetopsis Mc- 

Lean, 1990, and Eulepetopsis McLean, 1990, are known 

from the Eastern Pacific (McLean, 1990a), and Paralepe- 

topsis McLean, 1990, from off Florida (McLean, 1990a), 

the Mid-Atlantic Ridge, and off Japan (Warén & Bouchet, 

2001) and the Southwest Pacific (Beck, 1996). The descrip- 

tion of a single specimen of Paralepetopsis lepichoni Warén 

& Bouchet, 2001, from Nankai Trough off central Japan is 

the only record of the family from the Northwest Pacific. 

(2) Acmaeidae (Patellogastropoda): It has been shown 

that vent/seep-associated acmaeid limpets are most diver- 

sified around Japan. In the genus Bathyacmaea at least 

five species have been collected around Japan, and one 

more species is known from the Southwest Pacific (Beck, 

Figure 12. Shinkailepas myojinensis Sasaki, Okutani & Fujikura, sp. nov. Myojin Knoll, 1260-1290 m deep, 

Shinkai 2000 Dive 1115. A-—C. Shell of holotype (UMUT RM27969). A. Dorsal view. B. Ventral view. C. Enlarged 

view of shell pores opening on interior surface. D. Dorsal view of the operculum (UMUT RM 27973). E, F. Radula 

of holotype (UMUT RM27969). E. Right rows of central (C) to lateral (L1—L4) teeth. F. Lateral to marginal teeth. 
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Figure 13. Shinkailepas myojinensis Sasaki, Okutani & Fujikura, sp. nov. Myojin Knoll, 1260—1290 m deep, Shinkai 2000 Dive 1115. 

A, B. Dorsal view of juvenile shells. C. Protoconch. D. Magnified view of initial part of protoconch whorls. A. UMUT RM27974. B— 
D. UMUT RM27975. 

1996). The genus Serradonta, including two species, is 

endemic to off the central part of the Japanese mainland 

(Nankai and Sagami Troughs). 

(3) Pyropeltidae (Cocculiniformia): Four species of Pyr- 

opelta McLean & Haszprunar, 1987, have been reported 

from the Northeast Pacific (McLean & Haszprunar, 1987; 

McLean, 1992a) and from the Southwest Pacific (Beck, 

1996). The occurrence of P. yamato in Sumisu Caldera is 

the first record of the family from the Northwest Pacific. 

(4) Fissurellidae (Vetigastropoda): Although the major- 

ity of its members inhabit non-chemosynthetic environ- 

ments, the genus Puncturella Lowe, 1827, includes two 

species from Okinawa Trough (Okutani et al., 1993) and 

one species from Edison Seamount, Southwest Pacific 

(Beck, 1996). Other vent-associated fissurellids, Clath- 

rosepta McLean & Geiger, 1998, and Cornisepta McLean 

& Geiger, 1998, have not yet been found in the Northwest 

Pacific (McLean & Geiger, 1998). 

(5) Sutilizonidae (Vetigastropoda): This group was 

originally described as a subfamily of the Scissurellidae 

by McLean (1989a) and later treated as a separate family 

by Warén & Bouchet (2001). Among three included gen- 

era, Temnocinclis McLean, 1989, and Temnozaga Mc- 

Lean, 1989, have been recorded only from the Eastern 

Pacific, while Sutilizona McLean, 1989, has been de- 

scribed from the Eastern Pacific and Mid-Atlantic Ridge 

(McLean, 1989a; Warén & Bouchet, 2001). 

(6) Lepetodrilidae (Vetigastropoda): The genus Lepe- 

todrilus is very widely distributed in the Western Pacific 

(Okinawa Trough and Manus Basin), Eastern Pacific, and 

Mid-Atlantic Ridge (McLean, 1988, 1993; Beck, 1993; 

Okutani et al., 1993; Warén & Bouchet, 2001). In Japan, 
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Figure 14. Shinkailepas sp. North Knoll of Iheya Ridge, 976 m deep, 

shell. B, C. Radula. 

Geographic distribution of limpets from vent/seep sites in western Pacific at generic level. ES = Edison Seamount, F = 

Fiji, KS = Kaikata Seamount, M = Manus, MK = Myojin Knoll, MT = Mariana Trench, NT = Nankai Trough, OT 

Table 2 

= Okinawa Trough, SB = Sagami Bay, SC = Sumisu Caldera. 

Family Genus 

Neolepetopsidae Paralepetopsis 

Acmaeidae Bathyacmaea 

Acmaeidae Serradonta 

Pyropeltidae Pyropelta 

Fisurellidae Puncturella 

Fissurellidae Clathrosepta 

Clypeosecticae Pseudorimula 

Lepetodrilidae Lepetodrilus 

Neomphalidae Symmetromphalus 

Phenacolepadidae Shinkailepas 

Phenacolepadidae Olgasolaris 

OT NT SB 

+ 

+ + 4 
+ dk 

+ 

+ 

+ 

MK SC 
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Shinkai 2000 Dive 975. UMUT RM27976. A. Dorsal view of 

KS MT 
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Table 3 

Geographic distribution of limpets from vent/seep sites in Japan at species level. IH = Izena Hhole, IR = Ihera Ridge, 

KS = Kaikata Seamount, MEK = Minamiensei Knoll, MK = Myojin Knoll, NIR = North Knoll of Iheya Ridge, NT 

= Nankai Trough, OT = Okinawa Trough, SB = Sagami Bay, SC = Sumisu Caldear. 

OT 

Species NIR IR IH 

Paralepetopsis lepichoni 

Bathyacmaea nipponica 

Bathyacmaea secunda + + 

Bathyacmaea tertia + 

Bathyacmaea subnipponica 

Bathyacmaea sp. 

Serradonta vestimentifericola 

Serradonta kanesunosensis 

Pyropelta yamato 

Puncturella parvinobilis + + 

Puncturella rimaizenaensis + 

Lepetodrilus nux + + af 

Lepetodrilus japonicus 

Shinkailepas kaikatensis 

Shinkailepas myojinensis 

Shinkailepas sp. + 

Lepetodrilus nux is the most abundant species of gastro- 

pod throughout vent sites of the Okinawa Trough, while 

L. japonicus 1s endemic to a single locality (Okutani et 

al., 1993). Another genus, Gorgoleptis McLean, 1988, is 

restricted to the East Pacific Rise and Galapagos Rift 

(McLean, 1988). Two genera, Clypeosectus McLean, 

1989, and Pseudorimula McLean, 1989, were originally 

described as Clypeosectidae (McLean, 1989a) but were 

recently included in the Lepetodrilidae by Warén & 

Bouchet (2001). They are distributed on the East Pacific 

Rise (Clypeosectus) and in the Mariana Trough and on 

the Mid-Atlantic Ridge (Pseudorimula) (McLean, 1989a, 

1992b; Warén & Bouchet, 2001). 

(7) Neomphalidae (Neomphaloidea): The type genus of 

the family, Neomphalus McLean, 1981, was described 

from the Galapagos Rift and East Pacific Rise (McLean, 

1981). Another limpet-shaped member, Symmetromphal- 

us McLean, 1990, is known from the Mariana and Manus 

Back-Arc Basins (McLean, 1990b; Beck, 1992b). One of 

the coiled forms of this family, Retiskenea diploura War- 

én and Bouchet, 2001, was reported from the Japan 

Trench for the first time by Okutani & Fujikuka (2002). 

(8) Peltospiridae (Neomphaloidea): Species assigned to 

this family have been described from the East Pacific Rise, 

Mid-Atlantic Ridge, and Southwest Pacific (McLean, 

1989b; Warén & Bouchet, 1989, 1993). No species in this 

family is included in the fauna of the Northwest Pacific. 

(9) Phenacolepadidae (Neritopsina): This family (see 

above for diagnosis) contains two genera, Shinkailepas 

from the Western Pacific and Mid-Atlantic Ridge (Okutani 

et al., 1989; Hasegawa et al., 1997; Beck, 1992a; Warén 

& Bouchet, 2001) and Olgasolaris Beck, 1992, from the 

MEK NT SB MK SC KS 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Southwest Pacific (Beck, 1992a). At least two species are 

distributed at distantly isolated sites along the Izu-Ogasa- 

wara Trench in Japan. The occurrence of an unidentified 

specimen from the Okinawa Trough (herein) suggests pos- 

sible addition of further new species in the future. 

It is apparent that the molluscan fauna of chemosyn- 

thetic communities in Japan consists of species endemic to 

vent/seep sites and totally differs from that of the normal 

(non-chemosynthesis-based) bathyal to abyssal zone 

around the Japanese mainland (e.g., Okutani, 1964, 1966, 

1968a, b; Okutani & Iwahori, 1992). A summary of pre- 

sent and previous records (Table 3 and Appendix) also 

indicates that all limpet species were collected only from 

a single locality or a few localities within a relatively nar- 

row area in the same group of ridges or knolls along in 

the same trough or trench. This high rate of endemism is 

prevalent not only in limpets of the northwest Pacific but 

also in gastropods of the world chemosythetic-based fauna 

as was already pointed out by Warén & Bouchet (2001). 

Tables 2 and 3 suggest that the similarities in faunal 

composition well reflect geographic closeness among lo- 

calities. The distribution pattern of limpets indicates pos- 

sible division of Japanese vent/seep fauna into four geo- 

graphic groups. (1) Okinawa Trough: This region is char- 

acterized by the presence of Lepetodrilus, Puncturella, 

and Bathyacmaea secunda. L. nux and B. secunda are 

particularly abundant in several localities. (2) Nankai and 

Sagami Troughs: The distinctness of this region is shown 

by the occurrence of the two species of an endemic ge- 

nus, Serradonta (S. vestimentifericola and S. kanesuno- 

sensis), and a similar species pair of Bathyacmea (B. nip- 

ponica and B. subnipponica). (3) Izu-Ogasawara Trench: 
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The limpet fauna of this region contains no species com- 

mon to other regions. The presence of a distributional 

barrier between the Izu-Ogasawara and Mariana Trenches 

is suggested by the absence of Symmetromphalus and 

Pseudorimula which are distributed from the Southwest 

Pacific to the Mariana Trench. (4): Japan Trench: This 

region is clearly different in that no limpet taxa have hith- 

erto been recorded (Okutani & Fujikura, 2002). Since 

limpets constitute the majority of Japanese vent/seep-re- 

lated gastropods, above biogeographic distinction seems 

to represent a general trend for entire gastropods from 

such environments. A more comprehensive distributional 

pattern will be elucidated by our ongoing systematic re- 

vision on whole molluscan species from the Okinawa 

Trough and other Japanese chemosynthetic sites. 
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APPENDIX 

Previous Records of Limpets from Japanese Vent/ 

Seep Sites 

Neolepetopsidae 

Paralepetopsis lepichoni Warén & Bouchet, 2001: Nan- 

kai Trough, 2140 m (Warén & Bouchet, 2001). 

Acmaeidae 

Bathyacmaea nipponica Okutani, Tsuchida & Fujikura, 

1992: Off Hatsushima, Sagami Bay, 1110-1200 m, on 

shells of Calyptogena (Okutani et al. 1992). 

Bathyacmaea_ secunda Okutani, Fujikura & Sasaki, 

1993: Minami Ensei Knoll, Okinawa Trough (type local- 

ity), 700 m (Okutani et al., 1993); Iheya Ridge, Okinawa 

Trough, 1380 m (Okutani et al., 1993); North Knoll of 

Iheya Ridge, Okinawa Trough, 1050 m (Okutani & Fu- 

jiwara, 2000). 

Serradonta vestimentifericola Okutani, Tsuchida & Fu- 

jikura, 1992: Off Hatsushima, Sagami Bay, 1110—1200 

m, on vestimentiferan tubes (Okutani et al., 1992). 

Fissurellidae 

Punturella rimaizenaensis Okutani, Fujikura & Sasaki, 

1993: Izena Hole, Okinawa Trough, 1340 m (Okutani et 

al., 1993). 

Puncturella parvinobilis Okutani, Fujikura & Sasaki, 

1993: Minami Ensei Knoll, Okinawa Trough, 690 m 

(Okutani et al., 1993); North Knoll of Iheya Ridge, Oki- 

nawa Trough, 1049 m (Okutani & Fujiwara, 2000). 

Lepetodrilidae 

Lepetodrilus nux (Okutani, Fujikura & Sasaki, 1993): 

Izena Hole, Okinawa Trough, 1340 m; Iheya Ridge, Oki- 

nawa Trough, 1350 m (Okutani et al., 1993). 

Lepetodrilus japonicus Okutani, Fujikura & Sasaki, 

1993: Minami Ensei Knoll, Okinawa Trough, 710 m, 700 

m (Okutani et al., 1993). 

Shinkailepadidae 

Shinkailepas kaikatensis Okutani, Saito, & Hashimoto, 

1989: Kaikata Seamount, 470 m (Okutani et al., 1989). 
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Distribution of Sister Littorina Species, II: Geographic and Tidai-Height 

Patterns Do Not Support Sympatric Speciation 

PAUL A. HOHENLOHE'! 

Friday Harbor Laboratories, University of Washington, Friday Harbor, Washington 98250, USA 

Abstract. There is evidence for sympatric speciation by tidal height in several species of the intertidal gastropod 

genus Littorina. I analyzed the likelihood of sympatric speciation in the sister species L. scutulata and L. plena. Data 

on their relative abundances at 41 sites from southern California to southern British Columbia and along vertical transects 

at two sites in Puget Sound, Washington, provided estimates of the habitat separation of precursor morphs in the common 

ancestor. At the large scale, 71 percent of sites contained both species, and 24 percent had only L. plena. Where the 

species co-occurred, relative abundances were roughly evenly distributed. Small-scale habitat differences were even less 

pronounced: both species were found at all plots except two at the highest tidal level, where low densities of one species 

were found. Two new estimates for the age of divergence from published cytochrome b sequences lowered the mean of 

all estimates to 8.42 mya. Given the current level of overlap even at the smallest scale, sympatric speciation is plausible 

only if divergent selection at the time of speciation has since relaxed, allowing the species to re-invade overlapping 

niches. Allopatric speciation followed by range expansion is better supported by the available evidence. 

INTRODUCTION 

The gastropod species Littorina scutulata Gould, 1849, 

and L. plena Gould, 1849, are ecologically similar and 

sympatric along the Pacific coast of North America. Both 

morphological (Murray, 1979, 1982; Mastro et al., 1982; 

Reid, 1990; Reid et al., 1996) and molecular (Reid et al., 

1996; Kyle & Boulding, 2000; T. Backeljau, personal 

communication) analyses support their status as sister 

species, which form a clade that branched off near the 

base of the phylogeny of the genus. Based on their cur- 

rent distribution at both large and small scales, and con- 

sidering their life history, their age of divergence, and 

evidence of speciation processes in related species, what 

can we conclude about the mode of speciation that pro- 

duced these two species? 

Littorina scutulata ranges from southeast Alaska to 

southern Baja California and L. plena ranges from Kodiak 

Island to northern Baja California, so that their ranges 

currently overlap by about 80 percent, measured as a per- 

centage of the smaller range (L. plena) (Reid, 1996). As 

a result, Reid (1996) suggested that the most parsimoni- 

ous hypothesis is sympatric speciation, but that allopatric 

speciation followed by range expansion and overlap must 

still be considered. However, the relatively ancient diver- 

gence and poor fossil record of these species have ob- 

scured the historical biogeography and make it difficult 

to determine their mode of speciation. Using the allozyme 
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frequency data of Mastro et al. (1982), Reid et al. (1996) 

estimated a divergence age of 1.38 to 2.39 mya. However, 

their estimates based on 12S and 16S rRNA are much 

older, ranging from 2.48 to 18.63 with a mean of 12.81 

mya, predating many of the other speciation events in the 

genus. The genus Littorina as a whole also has a poor 

fossil record, apparently a result of the scarcity of fossil 

deposits recording rocky shore environments. Shell char- 

acters do not distinguish the two species as reliably as 

soft-part characters (Hohenlohe & Boulding, 2001), so 

fossils are difficult to identify to species. Reid (1996) 

gave several examples of Pliocene and Pleistocene fossils 

from California that resemble both species, and assigned 

them to L. scutulata. The extinct species L. remondii 

Gabb, 1866, from the late Miocene of California has a 

basal carina and outer calcite layer which suggest a phy- 

logenetic relationship to L. plena (Reid, 1996). However, 

the occurrence of L. remondii in the late Miocene post- 

dates the middle Miocene divergence estimate for L. scu- 

tulata and L. plena, so it is best interpreted as a related 

taxon rather than a direct ancestor. 

Within the entire family Littorinidae, allopatric speci- 

ation of the vicariant (large-subdivision) type appears to 

dominate on the basis of current distributions (Reid, 

1994). However, sympatric reproductive isolation as a re- 

sult of different microhabitat preferences and assortative 

mating has been observed in the genus Littorina. Both L. 

saxatilis (Olivi, 1792) and L. brevicula (Philippi, 1844) 

have two morphs associated with higher and lower levels 

in the intertidal zone, and snails of each morph mate pref- 

erentially within their own morph (Johannesson et al., 

1995; Takada, 1995). In L. saxatilis, this pattern of as- 
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sortative mating by morph type is maintained by snails 

collected from shores 20 km apart (Pickles & Grahame, 

1999), and there is evidence that this divergence has oc- 

curred independently in Spanish and British populations 

(Johannesson et al., 1995; Hull et al., 1996). Thus partial 

reproductive isolation between morphs in L. saxatilis is 

maintained by the combination of microhabitat distribu- 

tion and assortative mating (Roldn-Alvarez et al., 1995; 

Cruz et al., 2001). Several sympatric groups of Littorina 

species appear to separate themselves by tidal height (Un- 

derwood, 1972; Behrens Yamada, 1992; Williams, 1995) 

or by wave exposure (Mill & Grahame, 1990; Boulding 

& Van Alstyne, 1993). Examples include the species 

groups L. obtusata (Linnaeus, 1758)/L. fabalis (Turton, 

1825) and L. arcana Hannaford Ellis, 1978/L. compressa 

Jeffries, 1865, which may be the product of sympatric 

speciation (Reid, 1996). If this is the case, the species 

pairs L. obtusata/L. fabalis and L. arcana/L. compressa 

and the separate populations of L. saxatilis represent com- 

pleted and ongoing examples, respectively, of parallel 

ecological speciation as described by Schluter (2001) 

along the tidal height gradient. 

This model of sympatric speciation by tidal height may 

also gain support from recent, more general, theoretical 

and empirical results (Turelli et al., 2001; Via, 2001). For 

instance, parallel ecological speciation has been docu- 

mented for species that are closely associated with host 

plants (Nosil et al., 2002). For intertidal animals tidal 

height presents a habitat gradient with the potential for 

multiple, spatially correlated selective forces: predation 

rates, food types and availability, and physical stresses 

including dessication, freshwater influence, and extreme 

temperatures. Multiple selective forces may be more con- 

ducive to sympatric speciation than a single strong selec- 

tive force, because pleiotropic or linkage effects on mat- 

ing behavior are more likely (Rice & Hostert, 1993; Via, 

2001). Although alternative discrete resources, such as 

host plant species, may be more conducive to sympatric 

speciation, recent theoretical and empirical data suggest 

that populations can diverge even along more or less con- 

tinuous resource distributions like tidal height (Schluter, 

2001; Turelli et al., 2001). 

The precursors to L. scutulata and L. plena may have 

occurred on the same or adjacent shores, but differed suf- 

ficiently in habitat to produce lower encounter rates be- 

tween morphs than within morphs. This habitat separation 

may have combined with assortative mating, selection 

against hybrids, or other mechanisms of reinforcement to 

produce reproductive isolation and speciation in sympat- 

ry. Levels of assortative mating in the precursors to these 

species cannot be measured, but the degree of difference 

according to tidal height or other habitat gradients can be 

approximated by the current distributions of the species. 

To date, differences in vertical zonation have not been 

examined in L. scutulata and L. plena. 

This paper is the second in a two-part series on the 

distribution of L. scutulata and L. plena at multiple 

scales. The first (Hohenlohe, 2003) found no evidence of 

ecological separation between the two species at different 

levels of wave exposure or in adaptations to wave stress. 

Here I review data on the two species’ relative abun- 

dances in the broad zone of overlap of their ranges, and 

I test for differences in distribution according to tidal 

height on shores where they co-occur. With the assump- 

tion that the current habitat differences between the spe- 

cies approximate the inter-morph encounter rates between 

the precursors of each species in the common ancestor, I 

evaluate these data in light of speciation processes found 

in other Littorina species and theoretical models of sym- 

patric speciation. I also present two new estimates for the 

age of divergence of these species, based on recently pub- 

lished gene sequences, and assess the evidence for allo- 

patric speciation followed by range expansion and over- 

lap. 

METHODS 

To estimate the co-occurrence of both species at the larg- 

est scale, I combined data collected for this study, data 

from Hohenlohe (2003), and unpublished data from two 

other researchers (S. Behrens Yamada and E. Mastro) 

covering the west coast of North America from southern 

California to Vancouver Island. This provided data on 

relative abundances of the two species at 41 sites, cov- 

ering a variety of substrata and wave-exposure levels (al- 

though the proportion of sampling sites at each substra- 

tum or wave-exposure level did not necessarily represent 

the proportion found throughout the species’ ranges). In 

all cases, animals of all sizes were collected from the 

intertidal and brought into the laboratory for identifica- 

tion. Behrens Yamada identified snails using egg capsule 

morphology (Murray, 1979) and therefore classified only 

females (collections from Washington and Oregon). Mas- 

tro used penis morphology (Murray, 1979) and therefore 

classified only males (collections ranging from Vancouver 

Island to southern California). The present study and Ho- 

henlohe (2003) identified both sexes by a combination of 

penis morphology, tentacle coloration, shell characters, 

and restriction fragment analysis of the cytochrome b 

gene (Hohenlohe & Boulding, 2001). 

Tidal height sampling was performed at two sites in 

Washington at which the species co-occur: Cattle Point 

on San Juan Island, a south-facing, moderately exposed 

bedrock shore, and Kopachuck State Park in southern Pu- 

get Sound, a northwest-facing, protected cobble beach. At 

the bedrock shore, three vertical transects were sampled 

in August and September of 1999. At each of four tidal 

heights along the transect (1, 1.5, 2, 2.5 m above mean 

lower low water), all the snails within a 0.25 m? area were 

collected and brought back to the lab for identification to 

species by penis morphology and other morphological 

characters (Hohenlohe & Boulding, 2001). Numbers of 
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the sympatric congener Littorina sitkana Philippi, 1846, 

were also recorded. At the cobble beach, one transect was 

sampled in April of 2000. Again, all the snails were col- 

lected from 0.25-m/ areas, in this case at five tidal heights 

(1, 1.5, 2, 2.5, 3 m above MLLW) because of the larger 

tidal range at this site. Neither species was found 0.5 m 

above or below these transects. For four of the collections 

from the highest density areas, snails were counted and 

only a randomly chosen subset identified to species. All 

further analyses below assumed sex ratios to be equal 

between the species (this assumption was tested for the 

17 tidal height plots, and no difference between the spe- 

cies was found; chi-square test: p > 0.5). 

To test the hypothesis of assortative mating as a mech- 

anism of sympatric speciation, I used different methods 

of predicting interspecific encounter rates for each species 

as they are currently distributed within the overlap zone 

of their ranges. The interspecific encounter rate is the pro- 

portion of females (or males) encountered by a male (or 

female) of species A that are members of species B. On 

a single shore, if the animals are well-mixed, this equals 

the proportion of species B on the shore: 

Np 
Ean = Pp = (1) 

ny + Ng 

where pz, is the proportion of species B, and n, and n, 

are the densities of individuals of species A and species 

B, respectively. First I calculated the effect on encounter 

rate of differences between the species in wave exposure 

or other large-scale habitat factors. This analysis assumed 

that animals are well-mixed at sites where both species 

occurred, and that the sample of 41 sites approximates 

the true distribution of relative abundances in the zone of 

range overlap. For species A, the interspecific encounter 

rate is equal to: 

Na 

>» PaiPsi 

Sy aye 

» Pai 

where E,, is the predicted interspecific encounter rate for 

individuals of species A, N, is the number of sites at 

which species A was found, and p,, is the proportion of 

species A at each site i. This calculation is essentially an 

average of equation | for each site, weighted by the pro- 

portion of species A at each site, with the assumption that 

densities of the two species combined are equal across 

all sites. This assumption was necessary because the sam- 

pling methods used for these data measured only relative 

abundance (proportions of the two species) rather than 

density. 

Next I evaluated small-scale habitat differences, i.e., 

tidal height. This analysis considered only shores where 

both species occurred and assumed that an individual’s 

interspecific encounter rate is determined by the propor- 
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tions found at each tidal height (using the 0.5 m scale 

sampled here); in other words, snails are well mixed only 

within about 0.5 m vertically on the shore. Here the in- 

terspecific encounter rate for species A is: 

S Dang 

h=1 Dan + Dgh 
H 

»S Nah 
h=1 

E,n = (3) 

where H is the number of tidal heights sampled and na, 

and ng, are the densities of species A and B, respectively, 

at tidal height h. Unlike equation 2, the weighted average 

in equation 3 accounts for both proportion of each species 

at each height and total density at each height, since the 

sampling method used here explicitly measured density. 

This encounter rate was calculated for each species at 

each of the four transects and compared to the expected 

interspecific encounter rate if animals along the entire 

transect were well mixed (from equation 1). Since equa- 

tion 3 can only decrease, not increase, the encounter rates 

from equation 1, the ratio of the two represents the effect 

of different tidal height distributions of the species—the 

tidal height effect. Both the small-scale encounter rates 

from equation 3 and the tidal-height effects were then 

averaged across the transects. A weighted average of the 

encounter rates was not used because the four transects 

were not assumed to be a representative sample of the 

relative total abundances of the two species at all shores 

within their range (an assumption that was made in equa- 

tion 2). The effects of both large-scale and small-scale 

habitat differences were combined by multiplying the re- 

sults of equation 2 by the tidal-height effect. This gives 

a minimum estimate for interspecific encounter rates by 

assuming the smallest scale of mixing among adjacent 

groups of animals. 

I also calculated Yule’s V, a statistic used to measure 

the degree of sexual isolation between two conspecific 

morphs in which 0 represents random mixing and | rep- 

resents complete separation (Gilbert & Starmer, 1985). At 

the small scale, random mixing was assumed within each 

tidal height (within 0.5 m vertically), and at the large 

scale random mixing was assumed within each sampling 

site. This statistic is typically used to measure isolation 

due to mate choice behavior, but here it gauges only the 

effect of habitat separation. This common statistic allows 

direct comparison of these results to those of studies of 

mate choice in single polymorphic species. 

Recently published sequences of the mitochondrial cy- 

tochrome b gene also provided two new estimates of the 

age of divergence of L. scutulata and L. plena. 1 calcu- 

lated mean rates of third-position transitions and _ third- 

position transversions from all interspecific pairwise com- 

parisons among 36 L. plena and 18 L. scutulata haplo- 

types (648 sequence comparisons in total) from Kyle & 

Boulding (2000). I converted these to divergence ages 
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using calibration values from Reid et al. (1996) for third- 

position transitions (0.131 mya per 1% divergence) and 

transversions (1.358 mya per 1% divergence), which were 

based on paleontological and biogeographical evidence 

among several Littorina species. This method assumes a 

molecular clock at the time scale of speciation events 

within a genus. Like other divergence estimates from mo- 

lecular data, it also produces an upper-bound estimate for 

species divergence age, since some mitochondrial hap- 

lotype lineages may have diverged prior to speciation. 

RESULTS 

At the largest scale, both species co-occurred at most 

sampling sites along the west coast of North America, 

and there was no apparent geographic pattern in species 

proportions (Figure |). Both species were found on the 

same shore at 29 (71%) of the 41 sites sampled. Of the 

12 sites where only one of the two species was found, L. 

scutulata was found at only two (5 percent), suggesting 

that L. plena occupies a slightly wider range of habitats. 

Among the shores where both species were found, the 

distribution of species proportions was remarkably even 

(Figure 2). 

Littorina scutulata and L. plena differ in tidal height 

distribution, though they overlap across most of the shore 

and were found together in 15 of the 17 plots. Figure 3 

shows densities of these species and the congener L. sit- 

kana at four tidal heights along three transects at the mod- 

erately exposed bedrock shore, and five tidal heights 

along one transect at the protected cobble beach. Both 

species were found at all tidal heights at the bedrock 

shore, though not in all transects, and L. scutulata was 

absent from only the highest tidal level at the cobble 

beach. Nonetheless, the distributions differed significantly 

along two of the three bedrock shore transects (Kolmo- 

gorov-Smirnov test; p < 0.001 for both; Figures 3b, c) 

and on the cobble beach (K-S test; p < 0.001; Figure 3d). 

Snail density was much higher overall in the protected 

cobble beach site, where L. plena made up a greater pro- 

portion of the snail numbers. Littorina sitkana, which 

never reaches high abundances in Puget Sound (A. J. 

Kohn, personal communication), was found mostly in 

lower densities than its congeners on these shores. 

Interspecific encounter rates and Yule’s V at the large 

and small scales are shown in Table 1. At the large scale, 

the lower value for L. plena reflects the greater number 

of sites where it was the only species found, producing 

an interspecific encounter rate of O for L. plena at those 

sites. At the small scale, the lower value for L. plena 

reflects its higher overall abundance at all four transects. 

Despite the statistically significant differences in vertical 

distribution between the species at three of the four tran- 

sects (Figure 3), interspecific encounter rates would be 

reduced only 6 percent on average if the animals were 

not well mixed vertically at the 0.5 m scale, because of 
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Figure 1. Samples of two Littorina species along the Pacific 

coast of North America, in part of the zone of overlap of their 

ranges. For each site, a pie diagram shows the proportions of L. 

plena (black) and L. scutulata (white), and total sample size is 

given. Data source is indicated by M (E. Mastro, unpublished 

data), B (S. Behrens Yamada, unpublished data), H (Hohenlohe, 

2003), or P (present study); some sites combine data from mul- 

tiple sources. 

the broadly overlapping distributions of the two species. 

Similarly, the estimate of sexual isolation for conspecific 

morphs with these distributions is much lower at the 

small scale than at the large scale. Thus the combined 

interspecific encounter rates reflect mostly the separation 

between the species at the large scale; vertical distribution 

has a very small effect. 

The estimates of divergence age from cytochrome b 

sequences fell toward the lower end of the range of es- 
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Figure 2. Proportions of Littorina plena (black) and L. scutulata (white) at sites shown in Figure 1. Sites are arranged along the X- 

axis according to species proportion (not geographically). At sites where both species were found, proportions were distributed evenly, 

but there were more sites with only L. plena than with only L. scutulata. 

timates from other sources: 2.98 mya and 2.82 mya from 

transitions and transversions, respectively. Note how 

close these two estimates are, given the order-of-magni- 

tude difference between the transition and transversion 

rates given by Reid et al. (1996); this lends support to at 

least the ratio of these two rates. When combined with 

previous estimates, these new calculations lower the 

mean estimate of divergence age to 8.42 million years 

(Table 2). 

DISCUSSION 

The sister gastropod species Littorina scutulata and L. 

plena are sympatric at all scales. At the largest scale, their 

ranges overlap by about 80 percent along the Pacific coast 

of North America (Reid, 1996), and there is no geograph- 

ic pattern in relative abundance from southern British Co- 

lumbia to southern California. Within the zone of overlap 

both species are found together at most sites in an even 

distribution of relative abundances. No single factor, such 

as wave exposure or substratum, seems to separate the 

species among shores (Hohenlohe, 2003). At the smallest 

scale, both species were found within 0.25-m? plots at 

nearly all tidal heights sampled on both a moderately ex- 

posed bedrock shore and a protected cobble beach. 

Two factors have emerged that may represent slightly 

different habitat preferences between the species: L. plena 

may prefer areas with freshwater influence (Hohenlohe, 

2003), and the vertical distribution of L. plena is slightly 

higher than that of its congener. The first factor may part- 

ly explain the larger number of sites at which only L. 

plena was found in the present study, and the second may 

result in a narrow zone high on some shores where only 

L. plena is found, though in much lower densities than 

lower on the shore where both species are found together 

(Figure 3d). Nonetheless, neither of these factors excludes 

either species from a substantial part of the other’s hab- 

itat, and the large majority of individuals of L. plena co- 

occur with L. scutulata at all scales. Littorina plena ap- 

pears to occupy a slightly broader range of habitats, while 

L. scutulata occupies a slightly narrower, completely 

overlapping niche. Other traits, such as radula morphol- 

ogy or shell morphology, have not suggested significant 

ecological differences between the species (Reid, 1996; 

Hohenlohe & Boulding, 2001). The question of what fac- 

tors allow these species to co-exist in spite of their ap- 

parent ecological similarity remains open; one possibly 

important factor is the large-scale dispersal ability of both 

species (Hohenlohe, 2002), which increases the geo- 

graphic scale of demographically linked populations and 

therefore the heterogeneity of factors regulating compe- 

tition and population dynamics. 

What mode of speciation produced L. scutulata and L. 

plena? Least likely is the parapatric speciation model: it 

requires limited mobility to maintain a narrow hybrid 

zone, and strong selection is needed to counteract greater 

dispersal ability. However, these two species have long- 
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Figure 3. Densities of three Littorina species according to tidal height along three transects (a—c) at Cattle Point, San Juan Island, 

Washington, a moderately exposed bedrock shore, and one transect (d) at Kopachuck State Park, Washington, a protected cobble beach. 

At each site, one 0.25-m? quadrat was sampled at each tidal height. Black bars are L. plena, white bars are L. scutulata, and stippled 

bars are L. sitkana. Tidal heights are measured above MLLW. Littorina scutulata individuals are distributed significantly lower than L. 

plena in b, c, and d (Kolmogorov-Smirnov test (Zar, 1996); p < 0.001 for all cases). 

lived planktotrophic larvae (Hohenlohe, 2002) and hence 

the potential for dispersal over hundreds of kilometers 

within a generation. The current distribution of these spe- 

cies covers a continuous coastline without sharp breaks 

in selective regime. Allopatric and sympatric speciation, 

then, are the major speciation modes to be considered. 

Recent theoretical work and results from other Litto- 

rina species suggest the possibility of sympatric specia- 

tion by tidal height. However, the vertical separation be- 

tween morphs in L. saxatilis (Johannesson et al., 1995) 

and between the species L. obtusata and L. fabalis (Wil- 

liams, 1995) is much greater than that found here between 

L. plena and L. scutulata. For example, applying the cal- 

culations used here to published data on L. saxatilis (Jo- 

hannesson et al., 1995) and L. obtusata/L. fabalis (Wil- 

liams, 1995) results in a tidal height effect of 0.55 and 

0.30, respectively, compared to 0.94 for L. plena and L. 

scutulata (Table 1). In the case of L. saxatilis, a substan- 

tial part of the population of each morph occupies a part 

of the shore at which the frequency of the opposite morph 

is less than 0.1, and sometimes zero (Johannesson et al., 

1995). Littorina obtusata and L. fabalis show a sharp 

break between 1.4 m and 2.4 m above Chart Datum, cor- 

responding to a equally abrupt shift in algal flora (Wil- 

liams, 1995). Unlike L. scutulata and L. plena, all the 

other Littorina species mentioned above, with the excep- 

tion of L. brevicula, have non-planktotrophic develop- 

ment, developing either in the maternal pallial oviduct (L. 

saxatilis) or in benthic egg masses (the remaining spe- 

cies) from which crawl-away juveniles hatch. This may 

play a role in maintaining habitat separation between 

morphs or species, particularly at medium scales where 

wave exposure or substrate vary. Vertical zonation ap- 

pears to be behaviorally controlled (Takada, 1995; Wil- 

liams, 1995), so that species with planktotrophic larvae 

are still expected to be distributed vertically according to 

their habitat preference, even if larvae settle indiscrimi- 

nately. 
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Table 1 

Interspecific encounter rates reflecting large-scale (wave exposure, freshwater inflow, etc.) and small-scale (tidal height) 

habitat differences between Littorina scutulata and L. plena, and a measure of the resultant sexual isolation (Yule’s V). 

The large scale represents the 41 sample sites shown in Figure 1, and the small scale represents four tidal height transects 

shown in Figure 3 (with standard deviation among transects). See text for details of calculations. 

Calculation L. plena 

Large-scale 0.16 

Small-scale (mean + SD) 0.33 + 0.17 

Tidal-height effect (mean + SD) 0.94 + 0.053 

Overall 0.15 

Encounter rates 

L. scutulata Yule’s V 

0.29 0.137 

0.61 + 0.19 0.016 + 0.013 

0.94 + 0.053 

0.27 

Assortative mating also plays a strong role in restrict- 

ing gene flow between morphs in L. saxatilis, and hybrid 

offspring show lower fitness as a result of reduced fecun- 

dity in Swedish (Janson, 1985) and British (Hull et al., 

1996) populations. Interestingly, hybrids do not appear to 

have lower overall fitness in Spanish populations (Johan- 

nesson et al., 2000), although they do face divergent sex- 

ual selection (Cruz et al., 2001). Assortative mating in L. 

saxatilis produces high levels of sexual isolation between 

morphs at the mid-shore level where both morphs are 

found in roughly equal abundance (Yule’s V = 0.54 to 

0.96; Johannesson et al., 1995). This is much greater than 

the sexual isolation predicted from habitat differences 

alone between L. scutulata and L. plena (Yule’s V = 

0.016 to 0.137; see Table 1). Both assortative mating and 

reduced hybrid fitness may be important components of 

reinforcement that speed the process of sympatric speci- 

ation once distinct phenotypes appear, but some amount 

of divergent selection is required to start the process (Tur- 

elli et al., 2001). Assortative mating and hybrid fitness 

cannot be assessed in the common ancestor of L. plena 

and L. scutulata, but the current distributions of the spe- 

cies do not suggest divergent selection at either the small 

or large scale that would be sufficient to initiate the pro- 

cesses that could have led to sympatric speciation. 

Sympatric speciation is plausible for these two species 

only if strong divergent selection at the time of speciation 

has since relaxed, so that the current species have since 

reinvaded broader, largely overlapping niches. These re- 

sults suggest that freshwater influence may have played 

a role in divergent selection at multiple scales, since L. 

plena extends slightly higher on some shores and occurs 

alone on shores close to major freshwater inflow. 

In contrast, allopatric speciation may be accelerated by 

divergent selection but does not require it (Schluter, 

2001); as Turelli et al. (2001) point out, allopatric diver- 

gence requires only time. Drift and other factors may pro- 

mote divergence in allopatry even under uniform natural 

selection that maintains ecological similarity. For in- 

stance, allopatric populations that encounter different 

suites of related species may diverge in their mate-rec- 

ognition systems as a result (Schluter, 2001). Typically, 

males of Littorina species indiscriminately mount both 

males and females of their own or other congeneric spe- 

cies, and mating success is determined by the animals’ 

behavior following this initial encounter (Gibson, 1964; 

Table 2 

Estimates of the age of divergence of Littorina scutulata and L. plena. Where multiple sources are given, the first 

provides the raw data and the second (and third) provide the calculations. 

Divergence 

estimate 

Molecule (mya) 

Allozyme frequencies 1.38-2.39 

12S rRNA transitions 18.17 

12S rRNA transversions 2.48 

16S rRNA transitions 11.94 

16S rRNA transversions 18.63 

cytochrome b transitions 2.98 

cytochrome b transversions 2.82 

mean of all estimates 8.42 

Source 

Mastro et al. (1982)/Ward (1990)/Reid et al. (1996) 

Reid et al. (1996) 

Reid et al. (1996) 

Reid et al. (1996) 

Reid et al. (1996) 

Kyle & Boulding (2000)/this study 

Kyle & Boulding (2000)/this study 
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Raffaelli, 1977; Saur, 1990). The morphology of male and 

female reproductive structures appears critical in deter- 

mining whether fertilization takes place following initia- 

tion of copulation. As with L. scutulata and L. plena, 

many species in the genus Littorina are best distinguished 

on the basis of reproductive anatomy, which remains rel- 

atively constant within species, while other aspects of 

shell or soft-part morphology are variable within species 

and overlap between species (Reid, 1996; Hohenlohe & 

Boulding, 2001). This pattern of reproductive isolation 

without correlated ecological differentiation may be com- 

mon in marine taxa (Knowlton, 1993; Norris et al., 1996). 

Change in the mate-recognition system is both necessary 

and sufficient for the reproductive isolation that leads to 

speciation (Eldredge, 1995), and this mechanism can be 

accelerated in allopatry. Seven other Littorina species 

currently occupy the northern or northeastern Pacific, and 

a few fossil species are found in Miocene and Pliocene 

deposits of western North America (Reid, 1996). It is 

reasonable to assume that other congeners were present 

when the L. scutulata/L. plena speciation occurred, and 

they may have facilitated divergence in mate-recognition 

systems. 

If L. scutulata and L. plena diverged in allopatry, they 

have since shifted or expanded their ranges to reach the 

current 80 percent overlap (Reid, 1996). Several lines of 

evidence support this possibility. Though new estimates 

of divergence age from cytochrome b sequences are low- 

er than some previous estimates, the mean of 8.42 mya 

(Table 2) remains older than most of the clade splits 

among extant species in the genus (Reid, 1996). Climatic 

fluctuations have been shown to produce large-scale 

range shifts in both terrestrial (Davis, 1987; FAUNMAP 

Working Group, 1996) and marine (Vermeij, 1989; Lind- 

berg, 1991; Crame, 1993; Fields et al., 1993; Barry et al., 

1995) taxa. For instance, Marko (1998) demonstrated a 

case of allopatric speciation followed by range expansion 

and overlap in the North American gastropod genus Nu- 

cella. The degree of overlap in these species is much less 

than shown here, but their age of divergence is also youn- 

ger, less than | to 2 mya (Collins et al., 1996; Marko, 

1998), and their offspring develop in benthic egg masses 

and hence have reduced dispersal potential. These Litto- 

rina species have two additional advantages for rapid 

range shifts: the continuous north-south habitat of the Pa- 

cific coast of North America, and their planktotrophic 

mode of development with its potential for long-distance 

dispersal. Even if L. scutulata and L. plena diverged as 

recently as 2 million years ago, this would provide 

enough time for their ranges to expand, contract, and shift 

along the North American coast. In fact, current distri- 

butions likely represent significant shifts even since the 

Pleistocene glaciation. 

The hypotheses of sympatric and allopatric speciation 

may be tested by examining population genetic patterns 

across the range of each species (Nichols, 2001). For ex- 
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ample, allopatric speciation would be supported if each 

species showed its highest level of genetic diversity in 

geographically separate areas, particularly non-overlap- 

ping parts of the range (Marko, 1998). Similarly, sym- 

patric speciation as a result of L. plena preferring areas 

of freshwater influence, as proposed above, may be in- 

dicated by greater genetic diversity in the ancestral hab- 

itats. However, the genetic signature of speciation is like- 

ly to have been blurred by time, dispersal, and ecological 

shifts since speciation. 
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Abstract. Holospira (Eudistemma) animasensis Gilbertson & Worthington, sp. nov., from the Animas Mountains of 

southwestern New Mexico, is described. The reproductive system of another New Mexican species, H. metcalfi Thomp- 

son, 1974, is illustrated for the first time. 

INTRODUCTION 

The Animas Mountains are a slender, 50 km long, north— 

south range located in the southwestern corner of New 

Mexico (the ‘‘boot-heel’’). The continental divide of 

North America runs along its ridgelines. Land snails rep- 

resenting several genera occur in this range, including 

Sonorella Pilsbry, 1900, Ashmunella Pilsbry & Cockerell, 

1899, and Rabdotus Albers, 1850 (Rabdotus, personal ob- 

servation of authors). The species described herein is the 

first known species of Holospira von Martens, 1860, from 

these mountains. It was discovered by one of us (RDW) 

during a floristic survey of the area. 

Two other species of Holospira are currently recog- 

nized from this ‘‘boot-heel’’ region: H. crossei Dall, 

1895, from the Big Hatchet Mountains and H. metcalfi 

Thompson, 1974, from the Little Hatchet Mountains. 

These mountains lie to the east of the Animas range 

across the relatively barren Playas Valley. In contrast, ho- 

lospiras have not been found in the more westerly Pelon- 

cillo Mountains that straddle the New Mexico-Arizona 

border. 

MATERIALS AND METHODS 

The reproductive systems of three available living snails 

were dissected free of the other organs and removed 

intact. They were then stained and slide-mounted using 

the method originally described by Gregg (1959) and 

subsequently refined by Naranjo-Garcia (1989). It was 

necessary to destroy the shells for removal of the soft 

anatomy. 

SYSTEMATICS 

Family URocopTiIpAE Pilsbry & Vanatta, 1898 

Subfamily HOLosPIRINAE Pilsbry, 1946 

Genus Holospira von Martens, 1860 

Subgenus Eudistemma Dall, 1895 

Holospira animasensis Gilbertson & Worthington, 

sp. nov. 

(Figures 1—4) 

Diagnosis: A small Eudistemma with a cylindric-turreted, 

imperforate shell; its whorls convex and strongly costate. 

Internal column moderately slender, of nearly equal di- 

ameter throughout and with a small, low axial lamella in 

penultimate whorl. 

Description of shell of holotype (Figure 1, upper pho- 

tos; LACM 2917): Shell small for genus (12.1 X 3.7 

mm), cylindric-turreted, thin, imperforate, composed of 

13.0 whorls. Embryonic whorls 2.3, very convex (not an- 

gular or flat-sided), minutely granular; first whorl more 

bulging and translucent than second whorl. Whorls of 

cone about 5.7, convex, gradually enlarging and tapering 

into cylindric region, strongly costate with intercostal 

spaces approximately 1.5—2.0 times width of rib; ribs re- 

tractively slanted, cream in color. Whorls of cylindric re- 

gion about 5.0, convex but more flattened than whorls of 

cone, translucent, costate with interspaces approximately 

2.0—3.0 times width of rib; ribs becoming nearly vertical, 

whitish, solid, 38 on penultimate whorl. Basal portion of 

body whorl (about 1/6 of whorl before peristome) mod- 

erately thickened, opaque white, with three to four prom- 

inent ribs, descending slightly and becoming shortly ex- 
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Figure 1. Shell of Holospira animasensis Gilbertson & Wor- 

thington, sp. nov. Upper photos: holotype, LACM 2917, aper- 

tural and side views. Shell 12.1 < 3.7 mm. Lower photos: para- 

types, LACM 2953, apertural and internal views. All specimens 

collected at type locality by RDW, 5 April 1998. 

tended. Peristome simple except for some expansion of 

columellar margin. Aperture auriculate. 

Variation of paratypes: Fifteen paratypes picked at ran- 

dom range from 9.8 X 3.6 to 12.1 X 3.8 mm. Total range 

in width from 3.2 to 3.8 mm. Mean length 11.3 mm; 

mean width 3.6 mm. Whorls 11.1—-13.0; mean 12.1. In 

some shells, the peristome is very narrowly and flatly 

reflexed along the columellar margin. 

Description of interior of selected paratype (Figure 1; 

SDV 

Figure 2. Reproductive anatomy of Holospira animasensis Gil- 

bertson & Worthington, sp. nov., paratype. Specimen collected 

at type locality by RDW, 5 April 1998; dissected 4 June 1998. 

LACM 2953. Key: AG, albumen gland; EP, epiphallus; FO, free 

oviduct; GA, genital atrium; HD, hermaphroditic duct; PC, penial 

caecum; PE, penis; PR, penial retractor; PT, prostate gland; SD, 

spermathecal duct; SDV, spermathecal diverticulum; SP, sper- 

matheca; UT, uterus; VD, vas deferens. See Table 1, specimen 1 

for measurements of shell and organs. Scale bar = 1 mm. 

lower, right photo): Internal column moderately slender 

and nearly equal throughout (diameter at antepenultimate 

whorl 0.6 mm.; approximately 1/6 diameter of shell). Col- 

umn with small, low, blunt axial lamella in posterior half 

of penultimate whorl; other lamellae lacking. (The inter- 

nal columns of six additional opened shells are similar. 

There is some, minor variation in the strength and place- 

ment of the axial lamella.) 

Description of reproductive anatomy (Figures 2, 3; 

Table 1): Description based on stained, slide-mounted, 

fully illustrated preparation of paratype (LACM 2953). 

Albumen gland well developed with slightly convoluted 

hermaphroditic duct entering medially. Uterus short, with 

appressed prostate; free oviduct also short with vas de- 

ferens snaking alongside. Vagina very short or lacking. 

Spermathecal duct somewhat enlarged basally followed 

by short section showing serrate, longitudinal, internal 

folds; with diverticulum of moderate length. Spermatheca 

small, clavate. Epiphallus tubular and elongated with in- 

ternal lining of proximal region (approximately % follow- 
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Figure 3. Portion of the male genitalia of Holospira animasen- 

sis Gilbertson & Worthington, sp. nov., paratype illustrated in 

Figure 2 with same abbreviations. Proximal portion of epiphallus 

at left, distal portion entering penis. Width of photograph ap- 

proximately 2.7 mm. 

ing vas deferens) becoming irregularly serrate (presum- 

ably glandular); distal portion smooth internally and 

somewhat wider in diameter. Epiphallus entering penis 

laterally in apical region forming a distal penial cecum. 

Penis relatively short, cylindric, with two to three longi- 

tudinal, internal folds; constricting at entrance to genital 

atrium. Penial retractor muscle originating on floor of 

lung and inserting on apex of penial cecum (muscle con- 

tracted in this specimen). Genital atrium lacking con- 

stricted neck region. 

Variation of paratypes: Two additional, slide-mounted 

specimens have somewhat more elongated spermathecal 

ducts and spermathecae and smaller albumen glands. One 

of these (Figure 4; Table 1, #2) appears very relaxed/ 
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SD 

FO 

PE 

Figure 4. Basal reproductive anatomy of Holospira animasen- 

sis Gilbertson & Worthington, sp. nov. paratype (Table 1, spec- 

imen 2; LACM 2953). See Figure 2 for collecting data and ab- 

breviations. Scale bar = 1 mm. 

flaccid with both penis and spermathecal duct showing 

an expanded, bulbous base and a concurrent reduction/ 

loss of internal folds. Its relaxed penial retractor muscle 

is very long (about 9 mm) and thin and its proximal epi- 

phallus shows sections with more distinct internal serra- 

tions than the fully illustrated specimen. In addition, this 

specimen clearly exhibits a complete separation of free 

oviduct from spermathecal duct, i.e., vagina lacking. 

Type locality: New Mexico, Hidalgo County, north end 

Table 1 

Measurements (mm) of shells and reproductive organs of two Holospira species. Shells destroyed for removal of soft 

anatomy. See Figure 2 for key to abbreviations. 

Shell (h X w) AG UT FO SD SP SDV EP PE+PC 

H. animasensis 

*1. 12.0 X 3.9 iS) 6.8 2.9 10.5 1.8 5.5 15.1 2.8 

#2. 11.2 * 4.0 Bi 6.1 4.8 13.7 By) 6.0 16.2 3.5 

3.12.5 X 3.6 4.8 WP BES 11.8 DS 6.1 13.8 3.4 

x 4.7 6.7 a7 12.0 2.4 5.9 15.0 3.2 

H. metcalfi 

ile Ieee 8) 7) 5.1 11.0 6.0 20.7 4.4 8.0 26.0 Si?) 

PUM Bey 2-6 eS) 7.0 132 4.2 20.1 3.3 5.4 S55) 3.7 

Ba alaese eS) 5.1 9.9 8.4 16.1 3.0 4.2 16.3 4.6 

X 5.7 11.3 6.2 19.0 3.6 5.9 19.3 4.5 

* Figures 2,°3, 5. 

* Figure 4. 
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of Animas Mountains, 11 air km SE of Animas; T. 28 S, 

R. 18 W, sec. 7, center (31°53.0'N; 108°43.7’'W). North 

slope at base of limestone cliff. Elevation 1750 m. RDW 

collector, 5 April 1998. 

This locality is on a NW-SE trending limestone hill that 

is about 4 km long and ranges in elevation from 1500— 

1825 m. Outcrops in the upper quarter of the NE side of 

the hill are inhabited by the snail. The substrate is undif- 

ferentiated Pennsylvanian and Permian limestone of the 

Naco Group exposed in overthrust plates and undiffer- 

entiated Mississippian formations which include massive 

Escabrosa limestone (Zeller, 1959). This limestone ex- 

tends to the south about 2 km in some lower hills that 

we have not explored. The only other exposed limestone 

in the Animas range is 25 km SSE of these outcrops (also 

unexplored). 

The climate at the site and surrounding area following 

the Koeppen system is BS (steppe climate) bordering on 

BW (true desert) (Muller, 1988). Average annual rainfall 

at nearby Animas (4415 ft; 1345 m) with more than 50 

years of recordings is about 10.64 inches (270 mm) (Ga- 

bin & Lesperence, 1977; Muller, 1988). Most rainfall oc- 

curs during a summer monsoon season in the form of 

thunderstorms, with 75-80% of the precipitation falling 

between July—September (Muller, 1988). The record high 

temperature for Animas is 110°F (43.3°C), and the coldest 

temperatures occur during December and January with a 

record low of —19°F (—28°C) being recorded. Prevailing 

winds are greatest during the spring and 50% of the time 

blow out of the SW-W-NW (Muller, 1988). 

Studies of the faunal remains from Howell’s Ridge 

Cave in the Little Hatchet Mountains have shown a shift 

from cooler and moister conditions in the late Pleistocene 

to the present hot and dry climate (Van Devender & Wor- 

thington, 1974). Fossil shells of the new species from 

sediments exposed in a roadcut to a mine on the south 

side of the hill indicate that it was more widespread in 

the past (Centennial Museum, University of Texas at El 

Paso No. 649). The age of these shells is unknown but is 

thought to be late Pleistocene. 

The vegetation on the northeast slopes where the snails 

survive is a mix of grasses, shrubs, and a few small trees. 

These include mountain mahogany (Cercocarpus brevi- 

florus), Utah fendlerella (Fendlerella utahensis), mock 

orange (Philadelphus mearnsii), sotol (Dasylirion whee- 

leri), ocotillo (Fouquieria splendens), Wright’s aloysia 

(Aloysia wrightii). fragrant sumac (Rhus trilobata), juni- 

per (Juniperus coahuilensis), scrub live oak (Quercus tur- 

binella), Engelmann’s prickly pear (Opuntia engelman- 

nii), desert rose (Rosa stellata), and tufted rockmat (Pe- 

trophytum caespitosum). 

Etymology: The new species is named for the Animas 

Mountains where it is found. For purposes where a com- 

mon name is useful, the term ‘“‘Animas Mountains tube- 

shell” is proposed. 

Page 223 

Disposition of types: Holotype: Natural History Museum 

of Los Angeles County (LACM) No. 2917. Paratypes: 

Centennial Museum (at the University of Texas at El 

Paso) No. 645 (57 shells), National Museum of Natural 

History—Smithsonian Institution No. 1005654 (5 shells), 

Natural History Museum of Florida State University No. 

296941 (4 shells), LACM No. 2953 (2 shells, 3 slides of 

reproductive anatomies), Academy of Natural Sciences of 

Philadelphia No. 410278 (5 shells), Santa Barbara Mu- 

seum of Natural History No. 346723 (4 shells), Coleccion 

Nacional de Moluscos (Mexico) No. 1180 (4 shells), Uni- 

versity of Texas at El Paso (Artie L. Metcalf Collection) 

No. 14236 (4 shells). 

Remarks: Both the shell and the reproductive system of 

Holospira animasensis are characteristic of species as- 

signed to subgenus Eudistemma (see Bequaert & Miller, 

1973:43, 138; Gilbertson, 1989, 1993). This subgenus is 

represented by more than 20 known species from west 

Texas (Guadalupe Mountains) across southwestern New 

Mexico to southeastern Arizona. One primarily Arizonan 

species, H. ferrissi Pilsbry, 1905, also occurs in extreme 

northern Sonora, Mexico. Eudistemma is the only sub- 

genus of Holospira known from this region. 

The nearest geographic neighbor of the new species is 

Holospira metcalfi. It inhabits portions of the Little 

Hatchet Mountains including Howell’s Ridge, Grant 

County (type locality), a salient, arch-shaped escarpment 

(U-Bar Formation) capped by Cretaceous limestone and 

the northeastern slope of Hacheta Peak, Hidalgo County 

(Worthington & Metcalf, 1998). These sites are about 25— 

27 km east of the new species’ locality, across the Playas 

Valley. The shell of H. metcalfi is noticably longer (15.0— 

17.9 mm; Thompson, 1974), more attenuate, and more 

coarsely and widely costate than that of H. animasensis. 

Its reproductive system (Figure 5; Table 1) is generally 

larger and more elongate, corresponding to its longer 

shell. 

The larger, more southerly Big Hatchet (Hacheta 

Grande) range is host to numerous described Holospira 

populations. Because of intergradation, all are presently 

synonomyzed with H. crossei (see Pilsbry, 1946; Metcalf 

& Smartt, 1997). The shells of one of these populations 

(synonym: H. bilamellata form heliophila Pilsbry, 1915) 

most closely resemble those of the new species (Pilsbry, 

1946, figures 63:3a—c). However, they are generally lon- 

ger (11.5—14.8 mm), mostly bilamellate (some uni- and 

trilamellate), exhibit more compact ribbing, and have a 

more expanded peristome. Its soft anatomy is unknown. 

The location of this “‘form’’ is Teocalli Butte, on the 

southwest side of Big Hatchet Mountain, more than 40 

km distant. 
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Figure 5. Reproductive anatomy of Holospira metcalfi. Speci- 

men collected at Howell’s Ridge (type locality), Grant County, 

New Mexico by LHG, 4 March 1998; dissected 9 June 1998. 

LACM Voucher Specimen No. 153103. See Table 1 for mea- 

surements of shell and organs. Scale bar = 1 mm. 

The Veliger, Vol. 46, No. 3 

LHG thanks Dr. Gary James for companionship on a collecting 

expedition that included portions of the Big and Little Hatchet 
Mountains including Howell’s Ridge. 
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Abstract. Fischerpietteus, gen. nov. is anatomically streptaxid and is diagnosed by its circular and unreflected peri- 

stome, regular coiling, deep sutures, broad umbilicus, small size (shell diameter 2.1-4.6 mm), and relatively faint 

sculpture. The genus contains six species, all newly discovered. Intraspecific shell variation is remarkable and is asso- 

ciated with altitude. Fischerpietteus, gen. nov. is the third streptaxid genus/subgenus believed to be endemic to Mada- 

gascar, and is the only one of Madagascar’s seven native streptaxid genera (comprising 206 known native species) that 

is low-spired. 

INTRODUCTION 

This paper is one in a series reporting taxonomic results 

from the author’s 1992-1996 survey and inventory of 

Madagascar’s land mollusks. 

Madagascar’s streptaxid fauna is especially rich. Eighty 

species and eight subspecies of Gulella Pfeiffer, 1856 

(sensu Fischer-Piette et al., 1994), are now known (Em- 

berton, 2001la, 2002). Parvedentulina Emberton & Pear- 

ce, 2000, now comprises 94 species (Emberton, 2002). 

Other genera (and subgenera) represented are Edentulina 

Pfeiffer, 1856 (12 species, including one introduced; Em- 

berton, 1999), Streptostele (Makrokonche) Emberton 

1994 (seven species, including S. (M.) latembryohelix 

Emberton & Pearce, 2000, transferred from Parvedentu- 

lina by Emberton, 2001b; Emberton, 1994; Emberton & 

Pearce, 2000), Fischerpietteus, gen. nov. (six species 

herein described), Gonospira Swainson, 1840 (five spe- 

cies described to date; Fischer-Piette et al., 1994), Strep- 

tostele (Raffraya) Bourguignat, 1883 (two species; Fi- 

scher-Piette et al., 1994), and Pseudelma Kobelt, 1904 

(one species; Fischer-Piette et al., 1994), as well as the 

two introduced genera Indoennea Kobelt, 1904 (one spe- 

cies, I. bicolor [Hutton, 1834] = ‘“‘Gulella bicolor’ of 

Fischer-Piette et al., 1994, and Emberton, 2001), and 

Gonaxis Taylor, 1877 (one species, G. kibweziensis 

[Smith, 1894]). 

In sum, Madagascar’s streptaxid fauna as currently 

known comprises seven native genera, 206 native species, 

eight native subspecies, two introduced genera, and three 

introduced species. Three of its streptaxid genera and sub- 

genera seem to be endemic to Madagascar: Fischerpiet- 

teus, gen. nov., Parvedentulina, and Streptostele (Mak- 

rokonche). Fischerpietteus, gen. nov. is Madagascar’s 

only known native streptaxid genus that is low-spired. 

LOCALITIES 

Of the 1126 stations collected throughout Madagascar in 

1992-1996, only 63 stations in 11 transects, all northern, 

yielded Fischerpietteus, gen. nov. Station numbers are in 

the author’s ““MBI”’ series. 

169-194. Mt. d’ Ambre (5 stations, 1200-1400 m). 169, 

172. montane hardwood rainforest, 8 July 1995. 169. 

12°32’E, 49°10’S, 1200 m. 172. 12°35'E, 49°09’S, 1325 

m. 188-194. rainforest. 188. 12°35’E, 49°09'S, 1400 m, 

11 July 1995. 193, 194. rainforest, 12 July 1995, 12°34’E, 

49°09'S. 193. 1305 m. 194. 1280 m. 

256, 257. S of Vohimar (2 stations, 70-90 m), 13°35’E, 

49°59'S, viny rainforest, 2 September 1995. 256. 90 m. 

Die Ohm: 

260-262. Mt. Ambalanirana (3 stations, 400-561 m), 

N of Sambava, 13°50'E, 49°59’S. 260, 261. rainforest. 

260. 561 m, 3 September 1995. 261, 262. 4 September 

1995. 261. 500 m. 262. viny rainforest, 400 m. 

418. Andavakoera massif (1 station, 115 m), N of Bet- 

siaka, 13°06’E, 49°13’S, dry deciduous forest, 115 m, 31 

August 1995. 

513-527. W Tsaratanana Reserve (5 stations, 1395— 

1905 m). 513. 13°59’E, 48°47’S, rainforest, 1525 m, 14 

June 1995. 519, 524. 13°59’E, 48°48’S, 16 June 1995. 

519. cloudforest, 1905 m. 524. bamboo forest, 1715 m. 

526, 527. 13°59’E, 48°47’S, rainforest, 17 June 1995. 526. 

1500 m. 527. 1395 m. 

565. Ankarana Reserve (1 station, 40 m), 12°55’E, 

49°05'S, dry deciduous forest, 40 m, 22 August 1995. 

587-610. Mt. Marojejy (10 stations, 720-1405 m). 

587-593. rainforest. 587. 14°25’E, 49°45’S, 720 m, 13 

September 1995. 593-601. 14°26’E, 49°44’S. 593-597. 14 

September 1995. 593. 1300 m. 597, 601. cloudforest. 

597. 1405 m. 601. 1800 m, 15 September 1995. 605- 

636. rainforest. 605-609. 14°26’E, 49°45’'S. 605-607. 16 

September 1995. 605. 1200 m. 606. 1100 m. 607. 1150 
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m. 608-610. 17 September 1995. 608. 1000 m. 609. 900 

m. 610. 14°25'E, 49°45'S, 800 m. 

620-649. Mt. Marojejy-Kely (14 stations, 655-1384 

m). 620. 14°30’E, 49°34'S, 655 m, 23 September 1995. 

625. 14°29’E, 49°35’S, 850 m, 24 September 1995. 627— 

638. 14°28’E, 49°35'S. 627-634. 25 September 1995. 

627. 900 m. 629. 1000 m. 631. 1125 m. 633. 1200 m. 

634. 1170 m. 636-639. 26 September 1995. 636. 1260 

m. 638. cloudforest, 1280 m. 639. 14°27'E, 49°35’S, 

scrub, 1384 m. 643-649. rainforest. 643-645. 14°28’E, 

49°33'S, 27 September 1995. 643. 1085 m. 645. 960 m. 

648, 649. 28 September 1995. 648. 14°29’E, 49°33'S, 805 

m. 649. 14°29'E, 49°34’S, rainforest, 700 m. 

659-674. Mt. Ambatosoratra (9 stations, 880—1500 m), 

14°32’E, 49°42'S. 659-664. rainforest. 659-662. 4 Octo- 

ber 1995. 659. 1000 m. 661. 1100 m. 662. 940 m. 664— 

671. 5 October 1995. 664. 1050 m. 666, 668. cloudforest 

with bamboo. 666. 1400 m. 668. 1500 m. 671—674. rain- 

forest. 671. 1300 m. 673, 674. 6 October 1995. 673. 1200 

m. 674. 880 m. 

688-709. Mt. Anjanaharibe-Anivo (11 stations, 910— 

1980 m). 688-694. 14°44'E, 49°26'S. 688. cloudforest, 

1400 m, 19 October 1995. 689-696. 20 October 1995. 

689. rainforest, 1300 m. 692. cloudforest, 1600 m. 694. 

bamboo cloudforest, 1800 m, 20 October 1995. 695. 

14°43’E, 49°25’S, cloudforest, 1980 m. 696-699. bamboo 

cloudforest. 696. 14°44'E, 49°25’S, 1900 m. 699, 700. 

14°44’E, 49°26'S, 21 October 1995. 699. 1520 m. 700, 

701. cloudforest. 700. 1700 m. 701, 702. 14°44’E, 

49°27'S, 22 October 1995. 701. 1505 m. 702, 709. rain- 

forest. 702. 1400 m. 709. 14°46’E, 49°28'S, 910 m, 24 

October 1995. 

756, 758. Ambatovaky Reserve (2 stations, 605—675 

m). 756. 16°44’E, 49°10'S, rainforest with pandanus, 675 

m, 22 November 1995. 758. 16°42’E, 49°10's, rainforest, 

605 m, 23 November 1995. 

MATERIALS AND METHODS 

Materials were collected in 1995 using methods recom- 

mended for Madagascan rainforests by Emberton et al. 

(1996). Generic identification and comparisons were 

made using Zilch (1959-1960), Bruggen (1967, 1989), 

Tiller (1989), Verdcourt (1990), Emberton (1994), Ger- 

lach (1995), and Gerlach & Bruggen (1999). Measure- 

ments were made following methods of Emberton & 

Pearce (2000), using an ocular micrometer on a Wild 

M3C dissecting microscope. 

Dissections were on black wax under 70% ethanol. The 

type species of the genus was dissected for the purpose 

of describing the genus anatomically. Other species were 

investigated only conchologically, in order to speed pub- 

lication of this report because of Madagascar’s environ- 

mental crisis. 

An initially baffling degree of shell variation was as- 

sessed as follows. For each altitudinal transect from 

which sufficient measurable samples were available, 

high- and low-altitude shells were compared for: coiling 

tightness (whorl count divided by natural logarithm [/n] 

of shell diameter); height/diameter; embryonic coiling 

tightness (diameter of first 1.5 whorls); aperture relative 

size (apertural inside diameter divided by whorl count); 

embryonic whorl count; number of whorls of smooth em- 

bryonic sculpture before first appearance of sutural notch- 

es; umbilicus diameter/shell diameter; relative strengths 

of axial ribs on body-whorl sutural, peripheral, and um- 

bilical regions; relative strengths of embryonic axial 

grooves and spiral lines; and relative depth of sutural 

groove on body whorl. Means and standard deviations of 

those shell variables were tabulated and visually com- 

pared to determine altitudinal and geographic trends with- 

in and among species. Every attempt was made to apply 

Templeton’s (1989) cohesion concept in diagnosing spe- 

cies. 

SYSTEMATICS 

Higher classification follows Ponder & Lindberg 

(1997; suborder and above), Nordsieck (1986; 

infraorder), and Vaught (1989; superfamily and 

family). 

Class GASTROPODA 

Clade HETEROBRANCHIA 

Subclass PULMONATA 

Order STYLOMMATOPHORA 

Suborder SIGMURETHRA 

Infraorder ACHATINIDA 

Superfamily STREPTAXOIDEA 

Family STREPTAXIDAE 

Fischerpietteus Emberton, gen. nov. 

Type species: Fischerpietteus edouardi, sp. nov. 

Other species: F. ambrensis, sp. nov., F. ambatovakiae, 

sp. nov., F. ankaranae, sp. nov., F. minutus, sp. nov., F. 

vohimarae, sp. nov. 

Diagnosis: Among streptaxids, unique in its combination 

of circular, unreflected peristome; deep suture; and broad 

umbilicus. Also diagnostic are its very small size (shell 

diameter 2.1—4.6 mm), regular coiling, and relatively 

faint sculpture. 

Comparisons: The unreflected peristome, regular coiling, 

very small size, and open umbilicus are shared by the 

streptaxid genera Augustula Thiele, 1931; Imperturbatia 

Martens in Martens & Wiegman, 1898; Martinella Jous- 

seaume, 1887; et al., but those have distinctly angular or 

otherwise non-rounded peristomes, shallow sutures, and 
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much narrower umbilici, and genera from the Seychelles 

in addition have strong sculptures. 

Other land-snail families such as zonitids, rhytidids, 

and charopids can have similar shells, but Fischerpiet- 

teus, gen. nov. differs from them anatomically, so far as 

is known. Taken together, absence of jaw, elongate buccal 

mass, daggerlike radular teeth, penial sheath incorporat- 

ing convoluted portion of vas deferens, penis armed with 

dark chitinous spines, and distinctive configuration of 

central nervous system, seem to place Fischerpietteus, 

gen. nov. firmly within streptaxids. 

Shell description, based on 57 shells from 31 stations 

in 11 transects (Table 1): Diameter 2.1—4.6 mm; height/ 

diameter 0.5—0.8; whorls 4.6—5.8, regularly increasing, 

whorls/In diameter 3.35—6.34; umbilicus/diameter 0.23— 

0.37. Spire low-conic to domed-conic. Body-whorl pe- 

riphery rounded, rarely with trace of angulation. Suture 

deeply impressed, simple or within a spiral groove; whorl 

shoulders rounded. Apertural lip unreflected. Aperture 

circular, without downward deflection; apertural inside 

width/whorl count 0.15—0.33. Embryonic whorls 1.8—2.1; 

first 1.5 whorls 0.63—0.83 mm in diameter. Embryonic 

sculpture with—rarely without—sutural notches (short, 

narrow grooves extending downward from and perpen- 

dicular to the suture) that begin after 0.7 to 1.7 smooth 

whorls, but, rarely, can start immediately at 0.0 whorl; 

embryonic sculpture also may include relatively faint ax- 

ial grooves and/or spiral lines. Body-whorl sculpture con- 

sisting of fairly regular axial riblets, never very strong, 

rarely very faint to trace. Color uniform whitish or light 

yellow to yellow-green, translucent in fresh shells. 

Anatomy, based on four paratypes of type species, 

from two localities (Figures 5-13): Foot long and nar- 

row, sole smooth and undivided. Single, indistinct para- 

podial groove visible. Kidney sigmurethrous. Interior 

mantle collar edged with glandular tissue, extremely var- 

iable in size and mass. 

Agnathous. Buccal mass aproximately twice as long as 

wide. Radular teeth (viewed at 80X) daggerlike. Single, 

large salivary gland. 

Nerve ring fairly symmetrical. Cerebral commissure 

very short. Cerebropedal connectives long. Pedal ganglia 

relatively small but with large, conspicuous statocysts. 

Pleural ganglia close to pedals, obscure. Pleuroparietal 

connectives extremely long. Right and left parietal gan- 

glia and visceral ganglion tightly bound together and pos- 

sibly fused. 

Genital pore (G) far posterior, under mantle collar. Pe- 

nial retractor muscle (R) paralleling body retractor muscle 

(BR) and inserting adjacent it. Right tentacular retractor 

passing around, not between, male and female genital 

tracts. Lower reproductive system without dart sac or any 

other appendage. Atrium (A) small, sometimes indistinct. 

Penis (P) about 2.4 mm in length, about 0.12—0.16 as 

wide as long, tapering at tip. Base of penis (P) surrounded 

by muscular sheath (PS) into which portion of vas defer- 

ens (VD) incorporated as convoluted loop (Figure 12). 

Vas deferens (VD) otherwise fairly straight and uncon- 

voluted, entering at penial (P) apex, where penial retrac- 

tor muscle (R) also originates. Functional surface of penis 

(Figures 7, 13) sculpted with two parallel, adjacent, fleshy 

pilasters (PL1 and PL2), and with diamond-shaped pus- 

tules (PP), each bearing single, central, chitinous, dark 

brown spinule. 

Vagina (V) fairly short and broad. Spermathecal duct 

(SD) very long and slender; spermatheca (S; = bursa co- 

pulatrix, gametolytic gland) ovoid, thin-walled, transpar- 

ent, adjacent to proximal albumen gland (AG; Figure 10). 

Ovotestis (OT; Figure 11) consisting of clusters of acini 

nesting within apical digestive gland (D) and distributed 

regularly along, and ducting into, hermaphroditic duct 

(H). Hermaphroditic duct (H) very thin and unconvolut- 

ed. Fertilization pouch (F) a very long, single, tightly 

convoluted sac. Seminal receptacle (SR) partially embed- 

ded within albumen gland (AG), variable in size, visible 

when full as two clusters of saccules (Figure 10). Pros- 

tate-uterus (PU) and free oviduct (0) approximately equal 

in length. Oviparous; unlaid eggs (E) in uterus spherical, 

approximately 0.9 mm in diameter. 

Etymology: For the late Edouard Fischer-Piette, in grate- 

ful recognition of his 30 years of work on, and mono- 

graphing of, the Madagascan land-snail fauna. 

Gender: Masculine. 

Shell variation and species designations: Measurable 

high- and low-elevation shells were available from seven 

transects: Ambalanirana, Marojejy, Marojejy-Kely, Am- 

batosoratra, Anjanaharibe, Tsaratanana, and Mt. d’ Ambre 

(Table 1). Ambalanirana differed from the other six of 

these transects in being coastal, in having low overall 

altitude, and in its high-altitude sample being from the 

summit. 

Despite remarkable shell variation, six of the transects 

(all but Mt. d’Ambre) showed enough overlap in all 13 

measured characters that only a single species (Fischer- 

pietteus edouardi, sp. nov., Figures 1—4) could be pos- 

tulated for them (Table 1). The Mt. d’Ambre shells, how- 

ever, showed sufficient disjunction from F. edouardi, sp. 

nov. in five characters (coiling tightness relative to spire 

height, aperture/whorls, umbilicus/diameter, peripheral 

axial rib strength, and sutural groove) to be designated a 

distinct species (F. ambrensis, sp. nov., Table 1). 

Both F. edouardi, sp. nov. and F. ambrensis, sp. nov. 

showed major altitudinal differences in shell morpholog 

(Table 2). On Mounts Marojejy, Marojejy-Kely, Anjana- 

haribe, and d’ Ambre, shell coiling was substantially loos- 

er at higher altitude. This looser coiling was associated 

with a distinctly flatter spire (decreased height/diameter) 

at higher altitudes on three of the mountains. However, 

on Mount Ambalanirana—and to a lesser extent along the 
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Table 1 
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Shell-measurement means (and standard deviations) for different species, transects, and altitudes. Altitudes in meters. 

Abbreviations: (s) summit, #St Number of stations, m-s moderate to strong, n Number of shells, vWk very weak, w-m 

weak to moderate, wk-m weak to moderate. See text for explanations of variables. 

Coiling 

Species Transect Altitude #St n tightness 

edouardi Ambalanirana 400-500 1 2 3.98 (.02) 

edouardi Ambalanirana 561 (s) 2, D 4.24 (.01) 

edouardi Marojejy 900 1 3 3.87 (.05) 

edouardi Marojejy 1100 1 3 3.45 (.10) 

edouardi Marojejy-Kely 900-1085 3 3 4.17 (.12) 

edouardi Marojejy-Kely 1280 1 3 3.66 (.12) 

edouardi Ambatosoratra 880 1 2 3.95 (.17) 

edouardi Ambatosoratra 1300-1500 2 4 3.85 (.10) 

edouardi Anjanaharibe 910-1300 2 5) 3.58 (.09) 

edouardi Anjanaharibe 1980 1 2 3.42 (.09) 

edouardi Tsaratanana 1395 1 7 3.73 (.08) 

edouardi Tsaratanana 1715-1905 Z 4 3.90 (.10) 

vohimarae S of Vohimar 70-90 2 2 3.77 (.18) 

ankaranae Ankarana 40 1 1 4.50 

ambrensis Mt. d’Ambre 1200-1280 2 2 4.28 (.08) 

ambrensis Mt. d’ Ambre 1305-1325 2 4 4.11 (.08) 

ambrensis Andavakoera 115 1 3 4.23 (.23) 

ambatovakiae Ambatovaky 605-675 2 2 5.28 (.09) 

minutus Marojejy 900 1 4 6.15 (.16) 

minutus Marojejy-Kely 700 1 2 6.23 (.16) 

minutus Tsaratanana 1500 1 2 5.50 (.06) 

Ist 

Diam. lst Aperture/: Embryonic Embryonic 

1.5 whorls No. whorls No. whorls SutNotches 

0.72 (.02) 0.26 (.01) 1.95 (.07) 1.55 (.21) 

0.68 (.00) 0.25 (.01) 1.90 (.00) 1.30 

0.75 (.05) 0.26 (.01) 1.83 (.03) 

0.80 (.01) 0.31 (.01) 1.93 (.06) 

0.73 (.04) 0.25 (.01) 1.87 (.06) 

0.80 (.03) 0.30 (.02) 1.85 (.07) 

0.76 (.04) 0.26 (.01) 1.83 (.04) 

0.74 (.01) 0.28 (.02) 1.91 (.06) 

0.79 (.04) 0.28 (.01) 2.01 (.06) 1.03 (.05) 

0.79 (.06) 0.33 (.01) 2.10 iLdI5) 

0.78 (.03) 0.29 (.02) 1.95 (.07) 1.50 (.00) 

0.61 (.07) 0.79 (.03) 0.29 (.01) 1.93 (.11) 1.43 (.05) 

0.56 (.04) 0.75 (.01) 0.25 (.00) 1.90 (.00) none (.00) 

0.70 0.76 0.23 1.80 — 

0.61 (.03) 0.71 (.04) 0.22 (.00) 1.93 (.04) 1.30 

0.56 (.01) 0.74 (.03) 0.22 (.01) 1.89 (.03) 1.43 (.12) 

0.56 (.02) 0.68 (.02) 0.21 (.02) 1.87 (.03) 1.30 (.28) 

0.67 (.08) 0.69 (.01) 0.19 (.02) 1.90 (.07) 0.00 

0.71 (.03) 0.66 (.02) 0.15 (.01) 1.94 (.05) 0.78 (.05) 

0.74 (.01) 0.64 (.01) 0.15 (.00) 1.90 (.00) 0.78 (.04) 

0.62 (.03) 0.67 (.02) 0.17 (.00) 1.95 (.00) 0.75 (.00) 

Height/ 

Diameter 

0.65 (.00) 
0.72 (.06) 
0.63 (.02) 

0.59 (.03) 
0.74 (.04) 

0.67 (.01) 

0.65 (.04) 

0.64 (.04) 
0.60 (.04) 
0.61 (.02) 

0.58 (.03) 

Tsaratanana transect—this trend was reversed (tighter 

coiling and higher spire at the summit; Table 2). 

Not only coiling tightness and spire height, but all oth- 

er measured shell variables showed distinct altitudinal 

trends (Table 2). Embryonic coiling (= diameter of first 

1.5 whorls) tended to be tighter, and aperture size tended 

to be greater at higher altitudes (two transects and four 

transects, respectively; both trends reversed on Ambalan- 

irana). On three transects each, higher altitudes were as- 

sociated with smaller umbilici and increased embryonic 

whorls (the latter trend reversed on Mt. d’ Ambre). First 

appearances of embryonic sutural notches differed with 

altitude on all seven transects, increasing on three and 

decreasing on four (Table 2). 

Thus much of the enormous shell variation in Fis- 

cherpietteus, gen. nov. was associated with altitude. It is 

beyond the scope of this paper to propose and test hy- 

potheses on the causes of these trends. The present pur- 

pose of Tables 1 and 2 is only to provide guidelines for 

detecting, diagnosing, and describing species. 

Key to Species of Fischerpietteus 

la. Shell minute and very tightly coiled: adult di- 

ameter 2.1—2.7 mm, whorls//n diameter 5.2—6.3 

lb. Shell larger and more loosely coiled: adult di- 

3a. 

3b. 

ameter 2.9—4.6 mm, whorls//n diameter 3.3—4.5 

. Coiling looser: whorls//n diameter 5.2-5.3 at 

605-675 m altitude; embryonic sutural notches 

appear immediately, at 0.0 whorls; shell periph- 

eCryeroundedimae ana seer F. ambatovakiae 

. Coiling tighter: whorls//n diameter 5.9-6.3 at 

700-900 m altitude, 5.4—5.5 at 1500 m; embry- 

onic sutural notches first appear at 0.7—-0.8 

whorls; shell periphery slightly angulate 

Se a rae ee F. minutus 

No embryonic sutural notches; body-whorl axial 

ribs very weak to absent at suture; umbilicus 

broad, 0.36—0.37 shell diameter, and body-whorl 

suture at most slightly recessed within a spiral 

STOOV CH ape a a ete cea eee F. vohimarae 

Embryonic sutural notches present; body-whorl 

axial ribs weak to moderate, clearly present, at 

suture; umbilicus narrower, 0.23—0.32 shell di- 

ameter, or, if broad, body-whorl suture moderate- 

ly to pronouncedly recessed within a spiral 

STOOVEs otf she Hote aes peek aut ocean eee 4 

. Tight coiling, high spire, small umbilicus, and 

body-whorl axial ribs weak at periphery and um- 

bilicus (whorls//n diameter 4.50, height/diameter 

0.70, umbilicus/diameter 0.26) ..... F. ankaranae 
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Species Transect Elevation #St n 

edouardi Ambalanirana 400-500 1 2 

edouardi Ambalanirana 561 (s) 2 ?) 

edouardi Marojejy 900 1 3 

edouardi Marojejy 1100 1 3 

edouardi Marojejy-Kely 900-1085 3 3 
edouardi Marojejy-Kely 1280 1 3 

edouardi Ambatosoratra 880 1 2 

edouardi Ambatosoratra 1300-1500 2 4 

edouardi Anjanaharibe 910-1300 2 5 

edouardi Anjanaharibe 1980 1 2 
edouardi Tsaratanana 1395 1 2) 

edouardi Tsaratanana 1715-1905 2 4 

vohimarae S of Vohimar 70—90 2 2 

ankaranae Ankarana 40 1 1 

ambrensis Mt. d’ Ambre 1200-1280 2 2 

ambrensis Mt. d’ Ambre 1305-1325 2 4 

ambrensis Andavakoera 115 1 3 

ambatovakiae Ambatovaky 605-675 2 2 

minutus Marojejy 900 1 4 

minutus Marojejy-Kely 700 1 2 

minutus Tsaratanana 1500 1 2 
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4b. 

Sa. 

Looser coiling or, if tight, spire low (h/d 0.58) 

and umbilicus large (u/d 0.38), or spire higher (h/ 

d 0.79) and body-whorl axial ribs moderately 

strong at periphery and umbilicus 

Coiling tighter and spire low (whorls//n diameter 

4.01—4.48, height/diameter 0.54—0.63); aperture 

smaller (aperture/whorl count 0.19—0.23); umbi- 

licus broader (umbilicus/diameter 0.32—0.38); pe- 

ripheral axial ribs weak; body-whorl suture lying 

within a moderate to pronounced spiral groove 

F. ambrensis 

Table 1 

Extended. 

Wrabalious AxialRibStrng EmbryonPeriphSculpt 

/Diameter Sutr Prph Umbl AxGroovs SpirLines SutGroove 

0.30 (.03) mod mod = mod none-mod none slight 

0.29 (.02) mod mod mod none none slight 
0.28 (.02) mod mod mod slgt-mod _ slight slight 

0.28 (.02) mod mod mod moderate none slight 

0.28 (.04) mod mod mod none-slgt — slight slight 

0.25 (.02) mod mod mod none-slgt none-slgt slight 

0.29 (.00) mod mod mod slgt-mod none slight 

0.26 (.02) mod mod mod slgt-mod none-slgt — slight 

0.29 (.02) mod m-s mod none-slgt slgt-mod _ slight 

0.27 (.01) mod m-s mod slight slight slight 

0.31 (.01) mod mod wk-m - slight none slight 

0.26 (.02) mod mod _ wk-m - slight none slight 

0.37 (.01) vWk weak vWk slgt-mod none slight 

0.26 mod weak weak — — moderate 

0.34 (.01) w-m weak weak none verySlgt pronounced 

0.34 (.01) mod weak weak  none-slgt none pronounced 

0.36 (.02) w-m weak vWk none none moderate 

0.25 (.03) mod mod _ weak _ slight none slight 

0.28 (.01) mod mod w-m slight none-slgt moderate 

0.30 (.02) mod mod _ weak _ slight none moderate 

0.30 (.04) mod mod mod slgt-mod _none-slgt — slight 

5b. Coiling generally looser (whorls//n diameter 

3.34—3.99), but when tight (whorls//n diameter 

4.00—4.31), spire higher (height/diameter 0.68— 

5) 0.75); aperture larger (aperture/#whorls 0.24— 

Table 2 

0.32); umbilicus narrower (umbilicus/diameter 

0.23—0.32); peripheral axial ribs moderate to 

strong; body-whorl sutural groove slight at most 

Species descriptions: Types are in the Florida Museum 

F. edouardi 

Changes in mean values of shell variables with increasing altitude along seven transects (calculated from Table 1). 

Differences shown are equal to at least one (of the larger) standard deviation; * at least two standard deviations; ** at 

least three standard deviations. 

Coiling Height/ Diam. Ist Aperture/. Embryonic lst Embryo Umbilicus 

Species Transect tightness Diameter 1.5 whorls No. whorls No. whorls = SutNotch /diameter 

edouardi Ambalanirana +0.26** +0.07 —0.04* —0.01 — —0.25 = 

edouardi Marojejy —0.42** —0.04 +0.05 +0.05** +0.10 = ODA — 

edouardi Marojejy-Kely (0) 5 Erte —0.07 +0.07 +0.05* — ee ORS Dart — 

edouardi Ambatosoratra — — — +0.02 +0.08 +0.30* —0.03 

edouardi Anjanaharibe —0.16 — — +0.05** +0.09 ate Ole —0.02 

edouardi Tsaratanana +0.17 — — oa — —0.07 —0.05* 

ambrensis —0.17* —0.05 — — —0.04 +0.13 — Mt. d’ Ambre 
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of Natural History, University of Florida, Gainesville 

(UF); the Australian Museum, Sydney (AMS); the Mu- 

séum national d’ Histoire naturelle, Paris (MNHN, which 

does not assign catalogue numbers to types); and the 

Academy of Natural Sciences of Philadelphia (ANSP). 

Abbreviations: ad adult(s), juv juvenile(s). 

Fischerpietteus edouardi Emberton, sp. nov. 

(Figures 1—13) 

Diagnosis: Differs from F. ambrensis, sp. nov. by its (a) 

looser coiling for the same spire height and higher spire 

for the same coiling, (b) larger aperture for same whorl 

count, (c) narrower umbilicus for the same diameter, (d) 

stronger rib sculpture on the shell periphery, and (e) ab- 

sence of a spiral groove at the suture. Differs from F. 

ankaranae, sp. nov. by its (a) looser coiling for the same 

spire height, and (b) weaker rib sculpture at the suture. 

Differs from F. vohimarae, sp. nov. by its (a) narrower 

umbilicus for the same diameter, and clear presence of 

both (b) embryonic sutural notches and (c) rib sculpture 

at post-embryonic suture. 

Holotype: Station 260 (UF 285406, 1 ad), 13°50’S, 

49°59'E, Madagascar, summit of Mount Ambalanirana, 

561 m, rainforest, 3 September 1995. 

Illustrated dry-collected paratypes: Stations 527 (UF 

285415, 1 ad), 606 (UF 285407, 1 ad), 643 (UF 285409, 
1 ad), 645 (UF 285408, 1 juv), 689 (UF 285403, 1 ad). 

Illustrated live-collected paratypes: Stations 260 (UF 

285589, 1 ad, 2 juv [ad dissected]), 608 (UF 285588, 3 

ad [dissected]). 

Other dry-collected paratypes: Stations 260 (UF 

285495, 1 juv), 261 (UF 285513, | ad), 513 (UF 285479, 

1 juv), 519 (ANSP 407926, 1 juv; MNHN, | juv; UF 

285417, 1 juv; UF 285478, 4 juv), 524 (UF 285416, 1 

juv; UF 285480, 3 juv), 527 (AMS C.203512, 1 juv; UF 

285418, 1 juv), 593 (UF 285510, 2 juv), 605 (UF 285517, 

1 ad, 1 juv), 606 (UF 285492, 5 juv), 609 (AMS 

C.203507, 1 ad; ANSP 407922, 1 ad; MNHN, | ad; UF 

285506, 3 ad, 9 juv), 610 (UF 285501, 1 juv), 620 (UF 

285500, 1 ad), 625 (UF 285498, 2 juv), 627 (UF 285516, 

1 ad, 1 juv), 629 (UF 285514, 3 ad, 1 juv), 631 (UF 

285511, 3 ad, 5 juv), 633 (UF 285507, 3 juv), 634 (UF 

285494, 1 ad, 5 juv), 638 (UF 285508, 1 ad, 2 juv), 639 

(UF 285498, 2 juv), 643 (UF 285515, 2 ad, 12 juv), 645 

(UF 285504, 2 juv), 648 (UF 285509, 2 ad, 2 juv), 661 

(UF 285502, 1 juv), 662 (UF 285497, 1 juv), 664 (UF 

285491, 1 ad), 666 (UF 285512, 3 ad, 6 juv), 668 (UF 

285505, 4 juv), 671 (UF 285493, 4 juv), 673 (UF 285496, 

| ad), 674 (UF 285503, 1 ad, 3 juv), 688 (UF 285483, 2 

juv), 689 (AMS C.203510, 1 ad; MNHN, | ad; UF 

285405, | ad; UF 285486, | ad, | juv), 692 (UF 285488, 

2 ad), 695 (UF 285484, | ad, 1 juv), 699 (ANSP 407924, 

1 ad), 700 (UF 285404, 1 ad; UF 285485, | juv), 701 
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(UF 285489, 2 juv), 702 (UF 285490, 2 juv), 709 (UF 

285402, 1 juv; UF 285487, | juv). 

Other live-collected paratypes: Stations 262 (UF 

285545, 1 ad [dried]), 587 (UF 285564, 1 ad), 593 (UF 

285565, 1 ad), 597 (UF 285562, 1 ad), 601 (UF 285554, 

1 ad), 605 (UF 285561, 1 juv), 606 (UF 285548, 1 ad, 2 

juv [dried]), 607 (UF 285549, 2 ad, 3 juv), 608 (UF 

285587, 5 ad, 14 juv), 609 (UF 285551, 3 ad, 6 juv), 610 

(UF 285546, | juv [dried]), 625 (UF 285556, 1 ad), 629 

(UF 285542, 2 ad [dried]), 631 (UF 285552, 3 juv), 633 

(UF 285559, 2 juv), 634 (UF 285557, 4 juv), 636 (UF 

285555, 1 juv), 638 (UF 285563, 2 juv), 643 (UF 285543, 

2 ad, 5 juv [dried]), 648 (UF 285547, 1 juv [dried]), 659 

(UF 285558, 1 juv), 661 (UF 285560, 1 ad), 666 (UF 

285553, 1 ad), 668 (UF 285544, 1 juv [dried]), 671 (UF 

285541, 2 ad, 2 juv [dried]), 673 (UF 285550, 1 ad), 674 

(UF 285540, 1 ad, 1 juv [dried]), 689 (UF 285532, 1 juv 

{dried]), 694 (UF 285531, 1 juv [dried]), 696 (UF 

285527, 1 juv [dried]), 700 (UF 285528, 1 juv [dried]), 

701 (UF 285530, 1 juv [dried]), 709 (UF 285529, 1 ad 

[dried]). 

Description of holotype shell (Figure 1): Diameter 3.71 

mm, height 2.81 mm, whorls 5.55, umbilicus 1.00 mm. 

Spire domed-conic. Body-whorl periphery rounded; su- 

ture deeply impressed, simple; whorl shoulders rounded. 

Aperture circular, inside width 1.38 mm, no downward 

deflection. Apertural lip unreflected. Embryonic whorls 

1.90; first 1.5 whorls 0.68 mm in diameter. Body-whorl 

sculpture consisting of fairly regular axial riblets, mod- 

erate in strength at suture, periphery, and umbilicus. Col- 

or whitish, translucent, with very faint yellow-green cast. 

Embryonic shell sculpture of paratype from type lo- 

cality: Smooth first 1.3 whorls, then sutural notches. 

Shell variation, based on 35 shells from 18 stations in 

six transects (Tables 1, 2; Figures 1-4): Diameter to 

4.63 mm, height/diameter 0.56—0.79, whorls to 5.65, coil- 

ing tightness (whorls//n diameter) 3.34—4.31, umbilicus/ 

diameter 0.23—0.32, apertural inside width/whorl count 

0.24—0.33. Embryonic whorls 1.80—2.10, diameter of first 

1.5 whorls 0.68—0.83 mm. Embryonic sculpture: sutural 

notches first appearing at 1.0—1.7 whorls, axial grooves 

absent to moderate, spiral lines absent to moderate. Body- 

whorl axial ribs: moderate at suture, moderate to strong 

at periphery, weak to moderate at umbilicus. 

Variation strongly associated with altitude (Tables | 

and 2, Figures 2—4). 

Anatomy: As described above for the genus (Figures 5— 

13). 

Etymology: For the late Edouard Fischer-Piette. 
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Figures 1—4. Shell variation in Fischerpietteus edouardi Emberton, sp. nov. Figure 1. Holotype in three views, UF 285406, station 

260, summit Mt. Ambalanirana, 561 m. Figures 2, 3. Paratypes in two views. Figure 2. UF 285403, station 689, Mt. Anjanaharibe- 

Anivo, 1300 m. Figure 3. UF 285415, station 527, W. Tsaratanana Reserve, 1395 m. Figure 4. Three paratypes in one view: left, UF 

285407, station 606, Mt. Marojejy, 1100 m; center, UF 285409, station 643, Mt. Marojejy-Kely, 1085 m; right, UF 285408, station 645, 

Mt. Marojejy-Kely, 960 m. Scale bar = 1 mm. (See Tables | and 2 for altitudinal trends of shell variation in this species.) 
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Figures 5—7. Anatomy of Fischerpietteus edouardi Emberton, sp. nov. paratype adult from type locality, summit of Mt. Ambalanirana, UF 

285589. Figure 5. Reproductive system. Figures 6, 7. Penis undissected (Figure 6) and dissected to show sculpture of functional surface (Figure 

7). Scale bars = 1 mm. Abbreviations for these and Figures 8-13: A, atrium; AG, albumen gland; BR, body retractor muscle; D, digestive 

gland; E, egg; E fertilization pouch; G, genital pore; H, hermaphroditic duct; O, free oviduct; OT, ovotestes (hermaphroditic gland); P, penis; 

PL1, penial pilaster #1; PL2, penial pilaster #2; PP, penial pustules, each bearing a chitinous hook; PS, penial sheath; PU, prostate-uterus; R, 

penial retractor muscle; S, spermatheca; SD, spermathecal duct; SR, seminal receptacle; V, vagina; VD, vas deferens. 
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Figures 8-10. Anatomies of Fischerpietteus edouardi Emberton, sp. noy. paratype adults from station 608, Mt. Marojejy, 1000 m, 

UF 285588. Figures 8, 9: Reproductive systems of two specimens. Figure 10. Enlargement of albumen-gland region of Figure 9. Scale 

bars = 1 mm. Abbreviations: see explanation of Figures 5—7. 
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Figures 11-13. Anatomy of Fischerpietteus edouardi Emberton, sp. nov. third paratype adult (specimen #3) from station 608, Mt. 

Marojejy, 1000 m, UF 285588. Figure 11. Reproductive system. Figure 12. Penial sheath opened to reveal course of the vas deferens. 

Figure 13. Penis opened to show functional surface. Scale bars = 1 mm. Abbreviations: see explanation of Figures 5—7. 



K. C. Emberton, 2003 Page 235 

Figure 14. Fischerpietteus vohimarae Emberton, sp. nov. holotype in three views, UF 285414, station 257, south of Vohimar, 70 m. 

Scale bar (same as Figures 1-4) = 1 mm. 

Fischerpietteus vohimarae Emberton, sp. nov. 

(Figure 14) 

Diagnosis: Differs from F. edouardi sp. nov. by its (a) 

broader umbilicus for the same diameter, and absence to 

extreme faintness of both (b) embryonic sutural notches 

and (c) rib sculpture at post-embryonic suture. Differs 

from F. ambrensis sp. nov. by its (a) looser coiling and 

(b) absence of spiral groove at suture. 

Holotype: Station 257 (UF 285414, 1 ad), 13°35’S, 

49°59’E: Madagascar, S of Vohimar, 70 m, viny rainfo- 

rest, 2 September 1995. 

Live-collected paratype: Station 256 (UF 285539, | ad 

{dried]). 

Description of holotype shell: Diameter 4.34 mm, height 

2.31 mm, whorls 5.35, umbilicus 1.59 mm. Spire low 

domed-conic. Body-whorl periphery rounded; suture 

deeply impressed, simple; whorl shoulders rounded. Ap- 

erture circular, inside width 1.31 mm, no downward de- 

flection. Apertural lip unreflected. Embryonic whorls 

1.90; first 1.5 whorls 0.74 mm in diameter. Embryonic 

sculpture virtually smooth. Body-whorl sculpture nearly 

smooth, with weak traces of axial ribs. Color whitish, 

translucent, with very faint yellow-green cast; opaque 

white where periostracum eroded. 

Shell variation, based on two shells from two stations 

in one transect (Table 1): Diameter to 4.34 mm, height/ 

diameter 0.53-0.59, whorls to 5.40, coiling tightness 

(whorls//n diameter) 3.64—3.90, umbilicus/diameter 0.36— 

0.37, apertural inside width/whorl count 0.25. Embryonic 

whorls 1.90, diameter of first 1.5 whorls 0.74—-0.75 mm. 

Embryonic sculpture: sutural notches first appearing at 

1.5 whorls,axial grooves slight to moderate, spiral lines 

absent. Body-whorl axial ribs: very weak at suture, weak 

at periphery, very weak at umbilicus. 

Etymology: For the coastal city of Vohimar, near the type 

locality. 

Fischerpietteus ambrensis Emberton, sp. nov. 

(Figure 15) 

Diagnosis: Differs from F. edouardi sp. nov. by its (a) 

tighter coiling for same spire height and lower spire for 

same coiling, (b) smaller aperture for same whorl count, 

(c) broader umbilicus for same diameter, (d) weaker rib 

sculpture on shell periphery, and (e) presence of spiral 

groove at suture. Differs from F. ankaranae, sp. nov. by 

its (a) lower spire height and (b) broader umbilicus for 

same coiling, and (c) weaker rib sculpture at the suture. 

Differs from F. vohimarae, sp. nov. by its (a) tighter coil- 

ing and (b) presence of spiral groove at suture. 

Holotype: Station 194 (UF 285410, 1 ad), 12°34’S, 

49°09'E, Madagascar: Montagne d’ Ambre, 1280 m, rain- 

forest, 12 July 1995. 

Dry-collected paratypes: Stations 169 (UF 285537, 1 

ad), 172 (UF 285411, 1 ad; UF 285523, 2 ad), 188 (UF 

285522, 1 ad), 193 (UF 285412, 1 juv; UF 285521, 1 

juv), 418 (AMS C.203509, 5 ad; ANSP 407923, 5 ad; 
MNHN, 5 ad; UF 285413, 3 ad; UF 285520, 97 ad, 157 

Juv). 

Live-collected paratypes: Stations 169 (UF 285537, 1 

ad [dried]), 172 (UF 285538, 3 ad, 4 juv [dried]), 193 

(UF 285535, 1 juv [dried]), 418 (UF 285536, 2 ad, 1 juv 

[dried]). 

Description of holotype shell: Diameter 3.16 mm, height 

1.88 mm, whorls 4.85, umbilicus 1.11 mm. Spire low- 
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Figures 15-18. Holotypes in two views. Figure 15. Fischerpietteus ambrensis Emberton, sp. nov., UF 285410, station 194, Montagne 

d’Ambre National Park, 1280 m. Figure 16. Fischerpietteus ankaranae Emberton, sp. nov., UF 285401, station 565, Ankarana Reserve, 

40 m. Figure 17. Fischerpietteus ambatovakiae Emberton, sp. nov., UF 285400, station 758, Ambatovaky Reserve, 605 m. Figure 18. 

Fischerpietteus minutus Emberton, sp. nov., UF 285419, station 526, Tsaratanana Reserve, 1500 m. Scale bar (56% larger than in 

Figures 1-4 & 14) = 1 mm. 
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conic. Body-whorl periphery rounded; suture deeply im- 

pressed, within a pronounced spiral groove; whorl shoul- 

ders rounded. Aperture circular, inside width 1.06 mm, 

no downward deflection. Apertural lip unreflected. Em- 

bryonic whorls 1.90; first 1.5 whorls 0.74 mm in diam- 

eter. Body-whorl sculpture consisting of fairly regular ax- 

ial riblets, weak-to-moderate in strength at the suture, and 

weak at the periphery and umbilicus. Color whitish, 

translucent, with a very faint yellow-green cast. Embry- 

onic sculpture smooth to 1.3 whorls, then with sutural 

notches and with a trace of spiral lines. 

Shell variation, based on nine shells from five stations 

in three transects (Tables 1, 2): Diameter to 3.45 mm, 

height/diameter 0.54—0.63, whorls to 5.55, coiling tight- 

ness (whorls//n diameter) 4.01—4.48, umbilicus/diameter 

0.32—0.38, apertural inside width/whorl count 0.19—0.23. 

Embryonic whorls 1.85—1.95, diameter of first 1.5 whorls 

0.66—-0.79 mm. Embryonic sculpture: sutural notches first 

appearing at 1.1—-1.5 whorls, axial grooves absent to 

slight, spiral lines absent to very slight. Body-whorl axial 

ribs: weak to moderate at suture, weak at periphery, very 

weak to weak at umbilicus. 

Variation on Montagne d’Ambre strongly associated 

with altitude (Table 2). Population at Andavakoera with 

weaker sutural groove, weaker axial ribs in umbilical re- 

gion, slightly tighter embryonic coiling (diameter of first 

1.5 whorls), slightly broader umbilicus (Table 1), and 

very faint embryonic sutural notches, so may merit des- 

ignation as subspecies. 

Etymology: For Montagne d’ Ambre National Park. 

Fischerpietteus ankaranae Emberton, sp. nov. 

(Figure 16) 

Diagnosis: Differs from F. edouardi sp. nov. by its (a) 

tighter coiling for the same spire height, and (b) stronger 

rib sculpture at the suture. Differs from F. ambrensis sp. 

nov. by its (a) higher spire height and (b) narrower um- 

bilicus for same coiling, and (c) stronger rib sculpture at 

the suture. 

Holotype: Station 565 (UF 285401, 1 ad), 12°55’S, 

49°05'E, Madagascar, Ankarana Reserve, 40 m, dry de- 

ciduous forest, 22 August 1995. 

Paratypes: None. 

Description of holotype shell: Diameter 2.88 mm, height 

2.02 mm, whorls 4.75, umbilicus 0.75 mm. Spire domed- 

conic. Body-whorl periphery rounded; suture deeply im- 

pressed, simple; whorl shoulders rounded. Aperture cir- 

cular, inside width 1.08 mm, no downward deflection. 

Apertural lip unreflected. Embryonic whorls 1.80; first 

1.5 whorls 0.76 mm in diameter. Embryonic sculpture 

initially smooth, then with pronounced sutural notches. 

Body-whorl sculpture consisting of fairly regular axial 
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riblets, moderate in strength at suture, but weak at pe- 

riphery and umbilicus. Color whitish, translucent, with 

very faint yellow-green cast. 

Shell variation: Unknown. 

Comment: Although known only from a single shell, 

falling sufficiently outside ranges of variation of other 

species (Table 1) to merit recognition as distinct species. 

Etymology: For Ankarana Reserve. 

Fischerpietteus ambatovakiae Emberton, sp. nov. 

(Figure 17) 

Diagnosis: Unique within the genus for embryonic su- 

tural notches that appear immediately, at 0.0 whorls. Fur- 

ther differs from F. minutus, sp. nov. by its looser coiling 

and rounded periphery. Further differs from all other spe- 

cies by its tighter coiling. 

Holotype: Station 758 (UF 285400, 1 ad), 16°42’S, 

49°10'E, Madagascar, Ambatovaky Reserve, 605 m, rain- 

forest. 23 November 1995. 

Dry-collected paratypes: Stations 756 (AMS C.203508, 

1 juv; UF 285518, 1 juv), 758 (UF 285519, 1 juv). 

Description of holotype shell: Diameter 2.55 mm, height 

1.83 mm, whorls 5.00, umbilicus 0.69 mm. Spire conic, 

slightly domed. Body-whorl periphery rounded; suture 

deeply impressed, simple; whorl shoulders rounded. Ap- 

erture circular, inside width 0.93 mm, no downward de- 

flection. Apertural lip unreflected. Embryonic whorls 

1.95; first 1.5 whorls 0.68 mm in diameter. Body-whorl 

sculpture consisting of fairly regular axial riblets, mod- 

erate in strength at suture and periphery, weak at umbi- 

licus. Color whitish, translucent, with faint yellow cast. 

Embryonic shell sculpture of paratype: Sutural notches 

beginning immediately, at 0.0 whorl. Slight axial grooves 

evident. 

Shell variation, based on two shells from two stations 

in one transect (Table 1): Diameter to 2.55 mm, height/ 

diameter 0.61—0.72, whorls to 5.00, coiling tightness 

(whorls//n diameter) 5.21—5.34, umbilicus/diameter 0.23— 

0.27, apertural inside width/whorl count 0.17—0.20. Em- 

bryonic whorls 1.85—1.95, diameter of first 1.5 whorls 

0.68—0.70 mm. Embryonic sculpture: sutural notches first 

appearing at 0.0 whorls (based only on paratype, as ho- 

lotype apex too eroded), axial grooves slight, spiral lines 

absent. Body-whorl axial ribs: moderate at suture, mod- 

erate at periphery, weak at umbilicus. 

Etymology: For Ambatovaky Reserve. 

Fischerpietteus minutus Emberton, sp. nov. 

(Figure 18) 

Diagnosis: Unique within the genus for its extremely 

tight coiling. Further differs from F. ambatovakiae, sp. 
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nov. by embryonic sutural notches first appearing at 0.7— 

0.8 whorl and by its slightly angulate shell periphery. 

Holotype: Station 526 (UF 285419, 1 ad), 13°59’S, 

48°47'E, Madagascar, western Tsaratanana Reserve, 1500 

m, rainforest, 17 June 1995. 

Dry-collected paratypes: Stations 609 (UF 285420, 1 

juv; UF 285481, 2 ad, 2 juv), 649 (AMS C. 203511, 1 

ad; ANSP 407925, 1 ad; MNHN, | ad; UF 285421, 2 ad; 

UF 285482, 4 ad, 15 juv). 

Live-collected paratypes: Stations 526 (UF 285534, | 

juv [dried]), 609 (UF 285533, 7 ad, 6 juv [dried]). 

Description of holotype shell: Diameter 2.67 mm, height 

1.72 mm, whorls 5.35, umbilicus 0.84 mm. Spire domed- 

conic. Body-whorl periphery with slight peripheral an- 

gulation; suture deeply impressed, simple; whorl shoul- 

ders rounded. Aperture circular, inside width 0.89 mm, 

no downward deflection. Apertural lip unreflected. Em- 

bryonic whorls 1.95; first 1.5 whorls 0.63 mm in diam- 

eter. Embryonic sculpture smooth to 0.75, then sutural 

notches and slight traces of both axial grooves and spiral 

lines. Body-whorl sculpture consisting of fairly regular 

axial riblets, moderate in strength at suture, periphery, 

and umbilicus; trace of minute, evenly spaced, incised, 

spiral lines, most evident on the base of the shell under 

high magnification. Color whitish, translucent, with very 

faint yellow-green cast. 

Shell variation, based on eight shells from three sta- 

tions in three transects (Table 1): Diameter to 2.67 mm, 

height/diameter 0.60—0.74, whorls to 5.80, coiling tight- 

ness (whorls//n diameter) 5.45—6.34, umbilicus/diameter 

0.27—0.32, apertural inside width/whorl count 0.15—0.17. 

Embryonic whorls 1.90—2.00, diameter of first 1.5 whorls 

0.63—0.68 mm. Embryonic sculpture: sutural notches first 

appearing at 0.70—0.80 whorls, axial grooves slight to 

moderate, spiral lines absent to moderate. Body-whorl ax- 

ial ribs: moderate at suture, moderate at periphery, weak 

to moderate at umbilicus. 

Shells from the two Marojejy transects differ from 

type-locality (Tsaratanana) shells by their substantially 

tighter coilings (whorls//n diameter), higher spires 

(height/diameter, and smaller apertures (aperture/whorls), 

that fall somewhat beyond altitudinal differences within 

F. edouardi, sp. nov. (Tables 1, 2), so may represent a 

distinct subspecies. 

Etymology: For the minute size (Latin “‘minutus’’). 
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Abstract. Trichobradybaena, gen. nov. (Gastropoda, Stylommatophora, Bradybaenidae) with three species, charac- 

terized by the association of a simple penial caecum on the penis near the penis-epiphallus transition and two mucus 

glands inserted on the dart sac, is described from the region of Yangtze River, China. Shell morphology and genitalia 

of all three species are described and figured. A distribution map and keys both to Chinese bradybaenid genera and to 

Trichobradybaena species are also provided. The morphology of the gonad gland, which shows consistent interspecific 

difference in Trichobradybaena, gen. nov., is here used for bradybaenid classification for the first time. The three 

members of the genus are T. chagangensis, sp. nov., T. tuberculata, sp. nov., and T. submissa (Deshayes, 1873) comb. 

nov.; the latter is designated type species. Trichobradybaena submissa is widespread in several mid-western provinces 

of China. The other two species are both narrowly distributed on the eastern slope of the Qinghai-Tibet Plateau and 

only known from the type material. All type specimens involved are deposited at the Museum of the Institute of Zoology, 

Chinese Academy of Sciences. 

INTRODUCTION 

Miiller described the first bradybaenid species, Brady- 

baena fruticum, in 1774. Since then, more than 150 mal- 

acologists have worked on the taxonomy of this group 

(Richardson, 1983, and numerous citations therein). 

Heude (1882, 1885, 1890) examined 78 species of Chi- 

nese bradybaenids and grouped them in Helix Linnaeus, 

1758. His publication is still the only work with the lo- 

calities both in a foreign language and in Chinese. M6Il- 

lendorff (1899) described 129 species and subspecies 

including 72 new species and subspecies belonging to 

15 genera, of which two genera established by him are 

still regarded as valid. Wiegmann (1900) worked on the 

genital anatomy of this group and tried to find some new 

evidence for its classification. He published on 31 spe- 

cies grouped into 11 genera and subgenera on the basis 

of shell and anatomy. The milestone of bradybaenid 

study was by G. W. Tryon, Jr. and Henry A. Pilsbry; 

their “‘Manual of Conchology”’ includes a total of 201 

bradybaenid species, most of which are well illustrated 

and, in some cases, the anatomy is also presented. Pils- 

bry (1934) proposed the subfamily Bradybaeninae for 

them many years later. Yen (1939) (“‘Yan”’ in today’s 

spelling) examined the fine sculpture of the embryonic 

shell of Chinese bradybaenid snails. Neglecting all the 

anatomical information of the earlier authors, Yen 

(1939) catalogued the Chinese bradybaenid snails de- 

posited in the Senckenberg Museum and arranged the 

182 species he recognized in 18 genera. 

The taxonomy of the Bradybaenidae is far from stable, 

however. ‘“‘Moéllendorff had once indicated such instabil- 

ity by an example that when two famous malacologists 

prepared the catalogues of 240 bradybaenid snails, only 

87 species were arranged in the same genera” (Richard- 

son, 1983). Although some authors worked on the sys- 

tematic arrangement of this group (Thiele, 1931; Zilch, 

1960; and others), the systematic framework of brady- 

baenids unfortunately remains for various reasons an ar- 

tificial one, in comparison with the much more intensive 

work conducted in many other helicoid groups. Two main 

factors contribute to this situation: 1. Almost all morpho- 

logical study focused on the shell features instead of anat- 

omy, especially that of the reproductive system, which 

would provide more reliable characters varying less under 

different ecological conditions 2. Very few malacologists 

have carried out studies on this group on the mainland of 
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China since 1950, although many specimens were col- 

lected after that time. 

In China, the mid-western area, especially the area ad- 

jacent to the region along the eastern slope of Qinghai- 

Tibet Plateau, has a diverse terrestrial mollusk fauna 

(Mollendorff, 1899; Pilsbry, 1934). About one-third of 

the known Chinese bradybaenids, including numerous en- 

demic species, inhabit this area. This study presents a 

partial result of a malaco-faunistic survey in the southern 

part in Gansu province and adjacent northern Sichuan and 

a partial result of the study on the collections accumulated 

in the Zoological Museum of the Institute of the Zoology 

(ZMIZ), the Chinese Academy of Sciences (CAS). 

There are many terminological systems used by var- 

ious malacologists when working on the genital anatomy 

of helicoid snails (Thiele, 1931; Schileyko, 1978; Azu- 

ma, 1982; Wu, 1982; Miller, 1984; Nordsieck, 1987; 

Aparicio & Ramos, 1988; Picoral & Thomé, 1989; 

Aparicio et al., 1991; Solem, 1992; Wu, 2001; and oth- 

ers). In the present work, the terms used mainly refer to 

those by the above authors. However, considering dif- 

ferent terms used by different authors, here the abbre- 

viations of the used terms and their corresponding ex- 

planations are given as follows (terms newly used in the 

present paper are labeled with an asterisk): ADC*—ac- 

cessory sac-dart sac chamber; AG—albumen gland; 

AS—accessory sac; At—atrium; C23*—chamber pro- 

duced by V2 and V3, in dart sac; DC—dart sac chamber; 

DS—dart sac; Dt—amatorial dart; DtC*—-a chamber in 

which the amatorial dart is actually contained; DVM*— 

membranous sac surrounding dart sac and proximal re- 

gion of vagina, beyond atrium; MAC*—mucus gland- 

accessory sac channel; MG—mucus glands; P—penis; 

PR—penial retractor muscle; PS—penial sheath; PP— 

penis pilaster; S—spermatheca; SD—spermathecal duct; 

SPC*—simple penial caecum near the penis-epiphallus 

transition; —T—talon; Va—vagina; VD—vas deferens; 

V1*—a valvule opposite the entrance of mucus glands, 

in sagittal plane of dart sac; V2*—a valvule opposite 

V1 and closest to atrium, in sagittal plane of dart sac; 

V3*—a valvule between V2 and V4, in sagittal plane 

of dart sac; V4*—most inner/distal valvule in DC, along 

with V1 forming a chamber containing amatorial dart, 

in sagittal plane of dart sac. In the description of geni- 

talia, the adjectives ‘‘proximal’’ and “‘distal’’ are used 

to indicate the direction toward the atrium and the re- 

verse direction, respectively. Shell and genital measure- 

ments were taken with 0.01 mm and 0.1 mm accuracy, 

respectively. Whorls are counted as described by Kerney 

& Cameron (1979). Coloration and length of soft parts 

in the descriptions refer to those observed and measured 

after preservation in 70% ethanol. All specimens ex- 

amined, including types, are preserved in 70% ethanol 

and deposited in ZMIZ, CAS, Beijing. 
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Key to the Chinese Genera of Bradybaenidae, with 

Distribution in China Indicated! 

la Flagellum present or absent. Dart sac containing 

onesvamatonalidart % 444 4. yD; 

1b Flagellum present. Dart sac containing two ama- 

torial darts ... Nesiohelix Kuroda & Emura, 1943 

Distribution: Zhejiang, Hunan, Guangxi 

2a” Flagellum) present = eae oe 3 

2b, Flagellumiabsent) 543-2 eee eee Y 

3a Penial caecum present and with complicated in- 

neér foldsi os ee he eee eee 4 

3b) “Pental caecum absent “35 ane see eee 5 

4a Mucus glands with numerous ducts ....... 

tl Se Cie Genus A (to be described elsewhere) 

Distribution: Yunnan 

4b Mucus glands with two ducts ............ 

Pesce ein ans Genus B (to be described elsewhere) 

Distribution: Sichuan 

Sa Mucus glands with numerous ducts ......... 

De a Maver on ep rite aman. crate uel, sth ai Euhadra Pilsbry, 1890 

Distribution: See explanation following 

5b Mucus glands with two ducts .............. 6 

6a Body whorl strongly keeled. Periostracum scaly 

Onlhairyatis eee Plectotropis Martens, 1860 

Distribution: All provinces except Tibet, Xin- 

jiang, Interior Mongolia (Neimenggu). Heilo- 

ngjiang, Jilin & Liaoning 

6b Body whorl unkeeled. Periostracum usually 

SMMOOthT Seis ei oeore Aegista Albers, 1850 

Distribution: Anhui, Guangdong, Guizhou, Hu- 

bei, Hunan, Jiangsu, Jiangxi, Zhejiang, Sichuan, 

Taiwan, Yunnan 

7a Simple penial caecum occurring on penis near 

the penis-epiphallus transition .............. 8 

7b No penial caecum occurring on penis near the 

penis-epiphallus transition ................. 9 

8a Mucus glands with two ducts. Periostracum 

hairy or scaly Trichobradybaena, gen. nov. 

Distribution: Anhui, Gansu, Shaanxi, Sichuan 

(Figure 1) 

8b Mucus glands with numerous ducts. Periostrac- 

um smooth ......... Mastigeulota Pilsbry, 1895 

Distribution: Valley of Yangtze River, Zhejiang 

9a Shell dull; of various shapes .............. 10 

9b Shell extremely shiny; disc-shaped ......... 

AM ervey ee aan Stilpnodiscus Mollendorff, 1899 

Distribution: S Gansu, N Sichuan 

10a Mucus glands with two ducts, or numerous 

ducts arranged into a transverse series inserting 

INtOsACCESSORYASAC |. = saya ee orl een 11 

' Coccoglypta Pilsbry 1895, and Armandiella Ancey 1901, are 

absent from this key because no anatomic information is avail- 

able for them. 
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10b 

lla 

11b 

12a 

12b 

13a 

13b 

14a 

14b 

15a 

15b 

loa 

16b 

17a 

17b 

18a 

18b 

Mucus glands with a bundle of more than two 

ducts 

Shell turreted or highly conical. Accessory sac 

extremelyaneduced! ews aiiciae sia ne Sere 

Sid sd aN ee neck Bee eae Pseudobuliminus Gredler, 1886 

Distribution: Anhui, Gansu, Hubei, Hunan, 

Jiangsu, Jiangxi, Shaanxi, Sichuan, Taiwan, 

Yunnan 

Shell globose or flattened. Accessory sac more 

Or less GeyEOneal . voobesasaovsocooasceus 12 

Mucus glands with two branches, or arranged in 

a transverse series inserting into accessory sac. 

Accessory sac free 

Mucus glands with two branches. Accessory sac 

more or less incorporated in the dart sac .... 

Bradybaena Beck, 1937 

Distribution: Subtropical regions; see explana- 

tion following 

Mucus glands with two branches of tubes ... 14 

Mucus glands arranged in transverse series, in- 

serting into accessory sac ................ 

Map prepress, ikl aise erased Karaftohelix Pilsbry, 1927 

Distribution: See explanation following 

Accessory sac attached basally beside dart sac 

Fruticicola Held, 1838 

Distribution: NW Sichuan, S Gansu; see expla- 

nation following 

Accessory sac attached at the center of dart sac 

RPE ence, Mesa Net aec ais Acusta Martens, 1860 

Distribution: All provinces except Interior Mon- 

golia, Heilongjiang, Liaoning, and Tibet 

Shell always sinistral; umbilicus broad ...... 16 

Shell usually dextral; umbilicus usually quite 

I ALROW EL eels enter saan tod Saebe stub oe eels 17 

Shell more or less carinate. Periostracum 

SHINGOWN OF SEAN coocaccccsododdaaaascous 

co lait oie neem Laeocathaica Mo6llendorff, 1899 

Distribution: Gansu, Hubei, Shaanxi, Sichuan 

Shell not carinate. Periostracum hairy ...... 

MPAs A Seema Trichocathaica Gude, 1919 

Distribution: Sichuan, Yunnan 

Aperture toothless or with an indistinct lower 

tubercle 

Aperture with one to four strong teeth ...... 

Metodontia MoOllendorff, 1886 

Distribution: Anhui, Beijing, Gansu, Hebei, 

Henan, Hubei, Jiangsu, Neimenggu, Qinghai, 

Shanxi, Shandong, Shaanxi 

Shell strongly carinate at periphery 

Pseudiberus Ancey, 1887 

Distribution: Gansu, Hebei, Hubei, Shaanxi, 

Shandong, Sichuan, Xinjiang, Zhejiang 

Shell not carinate at periphery, at most bluntly 

ansulate peripherally. 42 ace ane 
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Distribution: Region north of Yangtze River, 

Yunnan 

Several species of Euhadra have been recorded from 

various localities in China, based merely on shell features 

(Blume, 1925; Crosse, 1864; Gude, 1902; Heude, 1885, 

1889; Mollendorff, 1899; Schmacker & B6ttger, 1894; 

Wiegmann, 1900; Yen, 1939). Based on recent study of 

bradybaenids in China, none of the snails anatomically 

known has ‘‘flagellum + mucus glands with numerous 

ducts’’—the associated characters diagnostic of Euhadra. 

All species classified as Euhadra by the classical authors 

are banded and colored Bradybaena or Fruticicola spe- 

cies (see Wiegmann, 1900), and those of Yen are Nesioh- 

elix species (see Yen, 1939) (H. Nordsieck, personal com- 

munication). It might indicate that Euhadra does not oc- 

cur in China. However, in this key this genus is included 

because so far no solid evidence can demonstrate that 

Euhadra is absent from China, until all Chinese species 

assigned to Euhadra are anatomically examined. 

Bradybaena is a subtropical genus and its Chinese spe- 

cies are distributed in the region limited by the Yangtze 

River in the north. The distribution of Karaftohelix is not 

indicated in the present key because the only known spe- 

cies possibly occurs in China in the Heilongjiang region 

(= Chinese Amur region) (Schileyko, 1978). It is uncer- 

tain whether Karaftohelix weyrichii (Schrenk, 1867) (a 

synonym of Karaftohelix bocageana [Crosse, 1864] 

which is the older name) is a Chinese species (Crosse, 

1864; Schileyko, 1978). In this key the genus is still in- 

cluded, however. The known distribution range of real 

Fruticicola species is only S Gansu and NW Sichuan 

(Wiegmann, 1900). The complete distribution range of 

this genus and Bradybaena will be known only when all 

members of these genera are known anatomically. 

SYSTEMATICS 

Family BRADYBAENIDAE Pilsbry, 1934 

Trichobradybaena Wu & Guo, gen. nov. 

Type species: Helix submissa Deshayes, 1873. 

Diagnosis: Shell depressed; dextral; periostracum scaly 

or hairy; embryonic shell granulose; spiral furrows ab- 

sent; lips simple; umbilicus broad. Genitalia with a simple 

penial caecum occurring near the penis-epiphallus tran- 

sition; flagellum absent; dart sac with one amatorial dart; 

accessory sac as a vestige or less developed; mucus 

glands with two ducts. 

Shell: Fairly depressed, height 5.92—9.34 mm, diameter 

11.80—20.87 mm, ratio of height to diameter 0.38—0.59 

mm. Shell dextral, thin to thin but solid. Apex distinct 

but blunt. Shell with 5%—6% whorls, embryonic shell with 

1%-2% whorls, whorls convex. Suture superficial to dis- 

tinctly impressed, with or without protruding periphery 
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above suture. Umbilicus broad, 2.70—5.56 mm wide, ratio 

of umbilicus diameter to shell diameter 0.21—0.36 mm. 

Columella arched. Columellar lip not distinctly dilated, 

seldom covering umbilicus. Periostracum of adult and im- 

mature shells evenly rough with minute scales or short 

hairs, shape of hairs differentiated among species; spiral 

furrows and ribs always absent. Embryonic shell finely 

granulated. Post-embryonic shell smooth to completely 

granulated. Immature shells unkeeled to sharply keeled. 

Body whorl unkeeled to sharply keeled. Body whorl 

large, not descending to more or less descending in front, 

base moderately or strongly convex. Aperture rounded, 

ovate, or roundly rhombic, more or less oblique, 4.73— 

8.52 mm in length, 4.24—8.13 mm in width. Lips tooth- 

less, thin or thickened at base, basally not or minutely 

expanded within. Peristome thin. Parietal callus transpar- 

ent and indistinct. Shell dull to slightly shiny, usually 

semi-transparent, whitish corneous-brown, yellowish 

brown, or brown. Base of body whorl similarly colored 

or somewhat paler. Shell band absent. 

Soft body color: Background creamy white with several 

brown spots anteriorly to darkened with spots throughout. 

Jaw: Arcuate with six to nine ribs dentating the concave 

margin. Ribs separate or contiguous. 

Genitalia: Atrium short. Penis short and swollen to rather 

long and slender, with simple penial caecum near the pe- 

nis-epiphallus transition. Penis (P) with a long or short 

penis sheath (PS), commencing at base of penis. Structure 

inside penis with numerous thin and simple penis pilas- 

ters (PPs), no other complicated structure. Retractor short 

to moderately long. Flagellum absent. Beyond atrium 

(At), dart sac and vagina proximally surrounded by a 

membranous sac (DVM). Dart sac of moderate size, more 

or less elongated, containing one amatorial dart. Dart 

about 2.8—4.0 mm long, straight or shghtly curved, prox- 

imal part rounded and not expanded. Cross-section of dart 

not always rounded or ovate, two-bladed at distal part. 

Ratio of bladed part to the whole dart about 0.50—0.60. 

Accessory sac as a vestige or less developed. In sagittal 

section, dart apparatus internally with | + 3 valvules, 

respectively V1—a valvule opposite the entrance of mu- 

cus glands, V2—a valvule opposite V1 and closest to 

atrium, V3—a valvule between V2 and V4, V4—most 

inner/distal valvule in dart sac chamber, along with V1 

forming a chamber containing amatorial dart. V1 closed 

to dart sac chamber (DtC) or not. Chamber limited by V2 

and V3 (C23) more or less deepened, accessory sac-dart 

sac chamber (ADC) extended distally or not. Mucus 

glands always with two mucus ducts, with stalks distinct 

or indistinct. Lobules of mucus glands arranged radially, 

simply branched to complicated and irregularly arbores- 

cent, distally not expanded. Spermatheca oval or of lon- 

ger shape, well differentiated from its duct. Spermathecal 

duct of moderate length. Gonad glands palm-shaped and 
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branched, or racemose. Measurement range of genitalia: 

dart apparatus 6.7—8.3 mm long, 1.6—2.0 mm wide; mu- 

cus duct 4.8—9.8 mm long; vagina 5.7—6.9 mm long; sper- 

matheca duct 7.7-10.7 mm long; spermathecal duct prox- 

imal width 0.6—1.3 mm; vas deferens 17.7—23.2 mm long; 

penis 7.3—27.0 mm long; penial retractor 1.5—4.6 mm 

long. 

Etymology: The genus name is a compound of Greek 

tricho- (= hairy) and bradybaena which is an existing 

bradybaenid genus. 

Distribution: Along the valley of Yangtze River; also 

distributed in the region between the Yellow River and 

the Yangtze River, Mid-China (Figure 1). 

Key to the Species of Trichobradybaena, gen. nov. 

la Ratio of umbilicus diameter to shell diameter 

0.30—0.36 (mean 0.34); penis slender; penial re- 

tractor of moderate length; dart proximally not 

expanded nn 6 ae en 

ate arene Trichobradybaena chagangensis, sp. nov. 

1b Ratio of umbilicus diameter to shell diameter up 

to 0.27; penis of moderate thickness or swollen; 

penial retractor short; dart proximally expanded 

2a Immature shells sharply keeled. Body whorl of 

mature shell sharply keeled; aperture more or less 

oblique. Outer lip and basal lip expanded. Acces- 

sory sac) developed) 2.35 325) ae eee 

BEAR Trichobradybaena tuberculata, sp. nov. 

(Figures 21—29) 

2b Immature shells unkeeled and unangulated. Body 

whorl of mature shell unkeeled; aperture oblique; 

lips seldom expanded. Accessory sac indistinct 

. Trichobradybaena submissa (Deshayes, 1873), 

Rap cag bailey cede tem avian eireh vaeayre eens ee comb. nov. 

(Figures 11—20) 

Trichobradybaena chagangensis Wu & Guo, sp. 

nov. 

(Figures 1—10) 

Diagnosis: Suture distinctly impressed. Aperture round- 

ed. Soft body anteriorly with several brown spots. Jaw 

with six to seven ribs dentating the concave margin. Penis 

rather long and slender. Retractor of moderate length. 

V1—V4 closely situated, C23 fairly tiny with entrance 

leading to mucus channel. Accessory sac indistinct. Ama- 

torial dart about 3 mm long, proximal part not expanded. 

Mucus glands as long as dart sac. Gonad glands palm- 

shaped. 

Shell (Figures 2—4): Height 6.08—8.45 mm (mean 7.10 

mm) diameter 12.54—16.47 mm (mean 14.51 mm) ratio 

of height to diameter 0.45—0.52 (mean 0.49). Shell thin 
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Figure 1. Distribution map of species of Trichobradybaena Wu & Guo, gen. nov. Black dot: Trichobradybaena chagangensis Wu & 

Guo, sp. nov. Grey dot: Trichobradybaena submissa, comb. nov. Circle: Trichobradybaena tuberculata Wu & Guo, sp. nov. 

but solid, with 5%4-6% (mean 6%) whorls, embryonic 

shell with 2—2% (mean 2%) whorls. Suture distinctly 1m- 

pressed, without a narrow edge. Umbilicus 4.28—-5.55 mm 

(mean 4.94 mm) wide, ratio of umbilicus diameter to 

shell diameter 0.30—0.36 (mean 0.34). Columella arched. 

Columellar lip not distinctly dilated. Surfaces of adult and 

immature shells rough, spiral furrows and ribs absent. 

Shell surface evenly beset with hairs, hairs short and each 

hair knobbed and ciliated distally. Post-embryonic shell 

not granulose. Immature shells unkeeled. In mature shells 

body whorl unkeeled, whorls increasing more or less 

slowly. Body whorl slightly descending in front, base 

convex. Aperture rounded, oblique, 4.92—6.05 mm (mean 

5.45 mm) in length, 4.68—5.70 mm (mean 5.15 mm) in 

width. Lips thin within. Basal lip minutely expanded. 

Peristome thin and not continuous. Parietal callus indis- 

tinct. Shell dull, uniformly in yellowish brown. Base of 

body whorl similarly colored. 

Measurements of holotype (ZMIZ00101-spec. 1): 

Height 7.36 mm, diameter 15.37 mm, whorls six, embry- 

onic shell two whorls, aperture length 5.85 mm, aperture 

width 5.70 mm, umbilicus diameter 5.47 mm. 

Soft body color: Anteriorly with several brown spots. 

Jaw: Arcuate with six to seven ribs dentating the concave 

margin. Ribs separate or contiguous. 

Genitalia (Figures 5-10): Atrium short. Penis rather 

long, slender, with a simple penial caecum (SPC) near the 

penis-epiphallus transition (Figures 5, 7), SPC rather low. 

DVM present (Figures 5, 6, 9). Penis sheath (PS) ap- 

proximately as long as DVM (Figures 5, 9). Wall of penis 

chamber with numerous thin and simple penis pilasters 

(PPs) (Figure 7). Retractor of moderate length. Dart sac 

of moderate size, more or less elongated. Accessory sac 

not found (Figures 6, 9). Amatorial dart about 2.8 mm 

long (in holotype), fairly straight, proximal part rounded 

(Figure 8). Ratio of bladed part to the whole dart about 

0.5. In sagittal section, dart sac with V1 + V2, V3, V4 
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Figures 2-4. Figure 2. Trichobradybaena chagangensis Wu & 

Guo, sp. nov., shell of holotype (ZMIZO0O101-sp1), apical view. 

Figure 3. Trichobradybaena chagangensis Wu & Guo, sp. nov., 

shell of holotype (ZMIZOO101-sp1), umbilical view. Figure 4. 

Trichobradybaena chagangensis Wu & Guo, sp. nov., shell of 

holotype (ZMIZOO101-sp1), apertural view. Scale bar = 5 mm. 

structure, V1—4 closely situated. Chamber produced by 

V2 and V3 tiny and shallow, leading to mucus channel 

directly rather than to the dart sac chamber (DC). ADC 

absent (Figure 9). Mucus glands as long as dart sac, stalks 

indistinct. Lobules complicate and irregularly arbores- 

cent. Spermatheca oval. Free oviduct as long as vagina 

(Figure 5). Gonad glands palm-shaped, branched (Figure 
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10). In holotype (ZMIZ00101-spec. 1): dart sac 6.7 mm 

long, 2.0 mm wide; mucus duct 6.9 mm long; vagina 6.9 

mm long; spermatheca duct 10.7 mm long; vas deferens 

23.2 mm long; penis 27.0 mm long; penial retractor 4.6 

mm long. 

Material examined: Eighteen mature (ZMIZ00101-spec. 

1~18) and 54 immature shells from Chagangxiang, 

Zhouqu County (33°48'N, 104°18’E), Gansu Province; 

1650 m above sea level; coll. Chen De-niu & Zhang Guo- 

qing, 11 May 1998. Three animals dissected. 

Types: Holotype (ZMIZ00101-spec. 1), Chagangxiang, 

Zhouqu County (33°48'N, 104°18’E), Gansu Province; 

1650 m above sea level; coll. Chen De-niu & Zhang Guo- 

qing, 11 May 1998. Paratypes 17 (ZMIZ00101-spec. 2— 

18), the same data as holotype. 

Distribution (Figure 1): Known only from the type lo- 

cality, ““Chagang,’’ Zhouqu County, Gansu Province. 

Remarks: The shape of the present shell is similar to that 

of Trichobradybaena submissa (Deshayes), comb. nov. 

This species is easily distinguishable from its congeners 

by its unique hair structure, different shape of shell, and 

extremely long penis, which is about four times and about 

three times longer than that of T. submissa and T. tuber- 

culata, sp. nov., respectively. 

Etymology: The species is named after the type locality. 

Ecology: Unknown for this species. 

Trichobradybaena submissa (Deshayes, 1873) 

comb. nov. 

(Figures 1, 11—20) 

Helix submissa, Deshayes, 1873:11, pl. U, figures. 30-32. 

Helix submissa Desh., Heude, 1882: 30, pl. XIV, figures. 11, 

lla. M6llendorff, 1884:337-338. Tryon, 1887:182, pl. 

39, fig. 9, 10. 

Trichochloritis submissa Deshayes, Pilsbry, 1895:124. Yen, 

1939:129, Taf. 13, Fig. 29. Chen & Gao, 1987:113—-114, 

fig. 145. 

Plectotropis submissa (Desh.), M6llendorff, 1899:64. 

Diagnosis: Shell rather thin. Suture deeply impressed. 

Whorls increasing rapidly. Aperture ovate. Lips seldom 

expanded. Soft body darkly spotted nearly throughout. 

Jaw with 9-10 ribs dentating the concave margin. Penis 

swollen and short. Amatorial dart about 4 mm long. VI-— 

V4 closely situated, C23 deepened with entrance leading 

directly to DC, ADC extended distally. Chamber of ac- 

cessory sac quite small. Mucus glands longer than dart 

sac, with stalks distinct. Duct of spermatheca short. 

Shell (Figures 11-13): Height 5.92—8.22 mm (mean 6.93 

mm) diameter 11.80—14.95 mm (mean 12.79 mm), ratio 

of height to diameter 0.49—0.59 (mean 0.54). Shell rather 

thin; apex distinct and somewhat blunt; with 54%—6 (mean 
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Figures 5-10. Figure 5. Trichobradybaena chagangensis Wu & Guo, sp. nov., holotype (ZMIZ00101-sp1), general view of genitalia. 

Figure 6. Trichobradybaena chagangensis Wu & Guo, sp. nov., holotype (ZMIZO0101-sp1), basal view of dart apparatus. Figure 7. 

Trichobradybaena chagangensis Wu & Guo, sp. noy., holotype (ZMIZ00101-sp1), inside view of penis chamber. Figure 8. Tricho- 

bradybaena chagangensis Wu & Guo, sp. nov., holotype (ZMIZO0101-sp1), dart with cross-sections. Figure 9. Trichobradybaena 

chagangensis Wu & Guo, sp. nov., holotype (ZMIZOO0101-sp1), sagittal section of dart apparatus. Figure 10. Trichobradybaena cha- 

gangensis Wu & Guo, sp. nov., holotype (ZMIZ00101-sp1), two leaves of ovotestis. Scale bars = 1 mm. 
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Figures 11-13. Figure 11. Trichobradybaena submissa (De- 

shayes, 1873) comb. nov., ZMIZOO010-sp9, apical view. Figure 

12. Trichobradybaena submissa (Deshayes, 1873) comb. nov., 

ZMIZO00010-sp9, umbilical view. Figure 13. Trichobradybaena 

submissa (Deshayes, 1873) comb. nov., ZMIZO0010-sp9, aper- 

tural view. Scale bar = 5 mm. 

5%) whorls; embryonic shell with 1%—-2%4 (mean 2%) 

whorls. Suture deep impressed, without a narrow edge. 

Umbilicus 2.70—3.70 mm (mean 3.18 mm) wide, ratio of 

umbilicus diameter to shell diameter 0.21—0.27 (mean 

0.25). Columella arched. Columellar lip not dilated. Sur- 

face of adult and immature shells rough with short hairs. 

Embryonic shell finely granulose, and granulation radi- 

ally arranged. Post-embryonic shell with tiny knobs bear- 

ing cuticle hairs, hairs with tapering tips. Immature shells 

unkeeled and unangulated. Body whorl of mature shells 

unkeeled. Whorls increasing rapidly. Body whorl large, 

somewhat descending in front, base convex. Aperture 

ovate, oblique, 4.73—6.66 mm (mean 5.59 mm) in length, 

4.24—5.94 mm (mean 5.11 mm) in width. Lips thin with- 

in. Lips seldom expanded. Shell dull, uniformly in whit- 

ish corn-brown. Base of body whorl similarly colored. 

Soft body color: Darkly spotted nearly throughout. 

Jaw: Arcuate with about nine ribs dentating the concave 

margin. Ribs separate, narrow or wide. 

Genitalia (Figures 14-20): Atrium short. Penis short and 

swollen (Figure 14), with a simple penial caecum (SPC) 

near the penis-epiphallus transition, SPC low (Figure 14). 

DVM present (Figures 14—16, 18). Penis sheath (PS) ap- 

proximately as long as DVM (Figure 16). Wall of penis 

chamber simple, with numerous fine penis pilasters (PPs) 

(Figure 17). Retractor thick and short. Dart sac in mod- 

erate size, elongated; closely associated with the vagina. 

Amatorial dart about 3—4 mm long, proximal part dis- 

tinctly expanded, tri-bladed at tip, medially two-bladed 

and proximally with an inner sharp blade (Figure 18). 

Ratio of bladed part to the whole dart length 0.60. In 

sagittal plane, dart sac with V1—V4, somewhat closely 

situated. Chamber produced by V2 and V3 rather deep- 

ened and directly leading to dart sac chamber (DC). 

Chamber of accessory sac quite small. ADC extended 

distally (Figure 19). Mucus glands longer than dart sac, 

stalk distinct. Lobules complicated and irregularly arbo- 

rescent. Spermatheca somewhat elongatedly oval. Duct of 

spermatheca short. Gonad glands racemose (Figure 20). 

In one specimen (ZMIZO0010- spec. 1):dart sac 7.7 mm 

long, 1.6 mm wide; mucus duct 9.8 mm long; vagina 6.8 

mm long; spermatheca duct 7.7 mm long; vas deferens 

17.7 mm long; penis 7.3 mm long; penial retractor 1.5 

mm long. 

Material examined: Fifty-three immature, 20 mature in- 

dividuals (ZMIZO00010-spec. 1~20) randomly selected 

from 87 mature shells were measured. All specimens 

from Hanzhong City (33°00'N, 107°00’E), Shaanxi Prov- 

ince; coll. Chen De-niu, 15 April 1992. Four animals dis- 

sected. Type material was not examined. 

Remarks: Richardson (1983) did not list this species in 

his catalog of Bradybaenidae. 

Ecology: The individuals of both juveniles and adults of 
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Figures 14-20. Figure 14. Trichobradybaena submissa (Deshayes, 1873) comb. nov., ZMIZOO010-sp1, general view of genitalia. 

Figure 15. Trichobradybaena submissa (Deshayes, 1873) comb. nov., ZMIZ00010-sp3, one side of dart apparatus. Figure 16. Trichob- 

radybaena submissa (Deshayes, 1873) comb. nov., ZMIZO0O010-sp3, another side of dart apparatus. Figure 17. Trichobradybaena 

submissa (Deshayes, 1873) comb. nov., ZMIZO00010-sp1, inside view of penis-chamber. Figure 18. Trichobradybaena submissa (De- 

shayes, 1873) comb. nov., dart with cross-sections, ZMIZ00010-sp22. Figure 19. Trichobradybaena submissa (Deshayes, 1873) comb. 

nov., ZMIZ00010-sp3, sagittal section of dart apparatus. Figure 20. Trichobradybaena submissa (Deshayes, 1873) comb. noy., 

ZMIZO00010-sp1, a leaf of ovotestis. Figures 14-19 scale bars = 1 mm; Figure 20 scale bar = 0.5 mm. 



Page 248 

this species aggregated under sandstone and broken 

bricks that are fairly dry in daylight. They are easily 

found in both fields and in residential areas near towns. 

Distribution (Figure 1): Guizhou; Tibet; Sichuan: Lud- 

ing, Tianquan, Baoxing (Type locality, in old spelling is 

““Mouping” or “‘Muping’’), Fengjie, Guangyuan, be- 

tween Guanyuan and Zhaohua; Chongqing; Gansu: be- 

tween Guanting and Lijiapu; Anhui: Between Hukou and 

Dongliu; Shaanxi: Hanzhong. 

Trichobradybaena tuberculata Wu & Guo, sp. 
nov. 

(Figures 1, 21—29) 

Diagnosis: Suture superficial, with a narrow edge above 

it. Umbilicus rather broad. Shell surface scaly. Post-em- 

bryonic shell granulose wholly. Immature shells keeled, 

body whorl keeled. Body whorl not descending, and base 

strongly convex. Aperture rhombic, more or less oblique. 

Lip thickened at basal part. Shell shiny. Base of body 

whorl in pale color, soft body darkened nearly through- 

out. Jaw with seven to eight ribs dentating the concave 

margin. Penis of moderate thickness. V1 far from V2-— 

V4, C23 shallow with entrance leading directly to DC, 

ADC extended distally. Accessory sac of median size. 

Amatorial dart about 3.5 mm long. Mucus glands shorter 

than dart sac, lobules simply branched. 

Shell (Figures 21-23): Height 6.81—9.34 mm (mean 8.12 

mm), diameter 15.84—20.87 mm (mean 18.91 mm), ratio 

of height to diameter 0.38—0.49 (mean 0.43). Shell thin 

but solid; with 5%—-6% (mean 57%) whorls; embryonic 

shell with 2—2%4 (mean 2*) whorls; whorls convex. Suture 

superficial, with a narrow edge above it. Umbilicus 3.94— 

5.56 mm (mean 4.85 mm wide, ratio of umbilicus di- 

ameter to shell diameter 0.22—0.28 (mean 0.26). Colu- 

mella arched. Columellar lip almost not dilated. Surface 

of adult and young shell hairless and rough with fairly 

fine scales. Post-embryonic shell evenly granulose 

throughout. Immature shells sharply keeled. Body whorl 

of mature shells sharply keeled, whorls increasing some- 

what slowly. Body whorl not descending, with base 

strongly convex. Aperture roundly rhombic, oblique, 

6.51-8.52 mm (mean 7.70 mm) in length, 5.65—8.13 mm 

(mean 7.15 mm) in width. Lips thickened on basal part. 

Outer lip and basal lip expanded. Shell slightly shiny, 

brown, carina white. Base of body whorl pale in color. 

Measurements of holotype (ZMIZ00090-spec. 1): 

Height 8.12 mm, diameter 19.28 mm, whorl 5%, embry- 

onic shell 1% whorls, aperture length 7.62 mm, aperture 

width 7.25 mm, umbilicus diam. 4.74 mm. 

Soft body color: Nearly totally darkened. 

Jaw: Arcuate with seven ribs dentating the concave mar- 

gin. 
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Figures 21-23. Figure 21. Trichobradybaena tuberculata Wu 

& Guo, sp. nov., holotype (ZMIZ00090-sp1), apical view. Figure 

22. Trichobradybaena tuberculata Wu & Guo, sp. nov., holotype 

(ZMIZ00090-sp1), umbilical view. Figure 23. Trichobradybaena 

tuberculata Wu & Guo, sp. nov., holotype (ZMIZ00090-sp1), 

apertural view. Scale bar = 5 mm. 

Genitalia (Figures 24-29): Atrium short. Penis short and 

of moderate thickness (Figure 24), with a simple penial 

caecum (SPC) near the penis-epiphallus transition, SPC 

highly cone-shaped (Figures 24, 26). Inner wall of penis 
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Figures 24-29. Figure 24. Trichobradybaena tuberculata Wu & Guo, sp. nov., holotype (ZMIZ00090-sp1), general view of genitalia. 

Figure 25. Trichobradybaena tuberculata Wu & Guo, sp. nov., holotype (ZMIZO0090-sp1), dart apparatus, basal view. Figure 26. 

Trichobradybaena tuberculata Wu & Guo, sp. nov., holotype (ZMIZO0090-sp1), inside view of penis chamber. Figure 27. Trichobrady- 

baena tuberculata Wu & Guo, sp. noy., paratype (ZMIZ00090-sp2), dart with cross-sections. Figure 28. Trichobradybaena tuberculata 

Wu & Guo, sp. nov., paratype (ZMIZO0090-sp3), sagittal section of dart apparatus. Figure 29. Trichobradybaena tuberculata Wu & 

Guo, sp. nov., holotype (ZMIZ00090-sp1), a leaf of ovotestis. Scale bars = 1 mm. 

chamber with numerous thin and simple penis pilasters 

(PPs) (Figure 26). Retractor thick, somewhat short. Dart 

sac moderate in size, somewhat elongated. Amatorial dart 

about 3.5 mm long (in holotype), usually expanded prox- 

imally (Figure 27). In sagittal plane, dart sac with V1— 

V4. V1 situated far from V2—V4, which are closely ad- 

jacent. Accessory sac-dart sac chamber (ADC) extended 

distally. C23 tiny, entrance of C23 leading directly to dart 
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sac chamber (DC) (Figure 28). Accessory sac of median 

size. Mucus glands shorter than dart sac, with stalks in- 

distinct. Lobules simply branched. Spermatheca elongat- 

edly ovate. Spermathecal duct of moderate length. Gonad 

glands racemose (Figure 29). In holotype (ZMIZ00090- 

spec. 1): dart sac 8.3 mm long, 1.8 mm wide; mucus duct 

4.8 mm long; vagina 5.7 mm long; spermatheca duct 9.2 

mm long; vas deferens 20.9 mm long; penis 9.3 mm long; 

penial retractor 2.1 mm long. 

Material examined: Nineteen immature and 22 mature 

shells (ZMIZ00090-spec. 1~22) from Heishui, Jiuzaigou 

County (33°12'N, 103°54’E), Sichuan Prov.; 1700 m 

above sea level; coll. Chen De-niu & Zhang Guo-qing, 

18 May 1998. Four animals dissected. 

Distribution (Figure 1): Known only from the type lo- 

cality. 

Types: Holotype (ZMIZ00090-spec. 1), Heishui, Jiuzai- 

gou County (Formerly Nanping County) (33°12'N, 

103°54’E), Sichuan Prov.; 1700 m above sea level; coll. 

Chen De-niu & Zhang Guo-qing, 18 May 1998. Paratypes 

21 (ZMIZ00090-spec. 2~22), the same data as holotype. 

Remarks: This species shares the character of scaly or 

hairy shell and the genital configuration with its conge- 

ners. Besides different measurements, the sharper periph- 

ery distinguishes its shell from those of the other two 

species. 

Etymology: The species obtains its name from the unique 

shape of its simple penial caecum. 

Ecology: This species was found only in moist conditions 

in seasonal dry mixed forest. Specimens were congregat- 

ed under stones scattered in such forest. 

DISCUSSION 

The type species of the new genus proposed in the present 

paper was previously considered to belong to Plectotropis 

Martens, 1860, by many authors, because of the flat shell 

associated with broad umbilicus, rough periostracum, and 

slowly increasing whorls. However, the absence of a fla- 

gellum differentiates it from Plectotropis. The genus can 

also be easily distinguished from Trichocathaica Gude, 

1919, by the opposite coiling direction and its broader 

umbilicus. The presence of a simple penial caecum and 

two branches of mucus gland ducts and the absence of a 

flagellum differentiate it from all other bradybaenid gen- 

era. The unique simple penial caecum present in 77ri- 

chobradybaena, gen. nov. is different from the tube- 

shaped caecum occurring in Genus A and Genus B (these 

two taxa will be published elsewhere and the difference 

will then be discussed in detail). It is noteworthy that the 

granulose status of the embryonic shell seems to be a 

significant character that is absolutely stable for every 

examined bradybaenid species, among about 110 Chinese 
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and some foreign bradybaenid species examined by the 

authors. The character-state of granulose or non-granu- 

lose embryonic shell is even useful in classification at the 

generic level in the Bradybaeninae (Yen, 1935). The dis- 

tinct character of the gonad is employed for the descrip- 

tion of bradybaenids for the first time. In the present new 

genus, the gonad leaf of two species shows a racemose 

form. The inner structure of the dart sac, which offers a 

series of quite stable characters among congeners, as in- 

dicated by Schileyko (1978) in some bradybaenids, is 

particularly scrutinized in the present work. 

The simple penial caecum, which is expanded unilat- 

erally and asymmetrically, can be immediately distin- 

guished from the situation frequently occurring in Brad- 

ybaena. In the latter, the penis is symmetrically expanded 

near the transition to the epiphallus (H. Nordsieck, per- 

sonal communication). Compared to the genus Mastigeu- 

lota, which is the only known bradybaenid genus that has 

a structure near the penis-epiphallus transition similar to 

that in Trichobradybaena, the new genus, can be distin- 

guished by two mucus glands. Specimens collected from 

the type locality and other places suggest that Mastigeu- 

lota is a taxon without flagellum. While carrying out 

comparative work the authors found that there is a mis- 

take in the description of genus Mastigeulota by Pilsbry 

(1895, p. 211, pl. 66, fig. 26) (also noticed by Nordsieck, 

2002). 
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New Simrothiellidae (Mollusca: Solenogastres) from the Mozambique 

Channel, Western Indian Ocean 

CHRISTIANE TODT Anpb LUITFRIED v. SALVINI-PLAWEN 

Institute of Zoology, University of Vienna, Althanstrasse 14, A-1090 Vienna, Austria 

Abstract. Five new species of Solenogastres sampled in the Mozambique Channel near the Comoro Islands, northwest 

Indian Ocean, are described herein. The specimens were collected in water depths between 520 m and 3716 m from 

soft sediments ranging from clay to muddy sand. They belong to the family Simrothiellidae Salvini-Plawen, 1978, based 

on radula morphology, histology of the ventral foregut glands, and the presence of copulatory stylets and respiratory 

folds. One species is placed in the genus Simrothiella Pilsbry, 1898, two in Kruppomenia Nierstrasz, 1903, and two in 

Spiomenia Arnofsky, 2000. The names Simrothiella comorensis, Kruppomenia macrodoryata, Kruppomenia nanoden- 

tata, Spiomenia praematura, and Spiomenia phaseolosa are proposed. Species descriptions utilize features of internal 

anatomy and histology as well as hard part morphology. 

INTRODUCTION 

The Simrothiellidae are a diverse family of the molluscan 

class Solenogastres (= Aplacophora, partim: subclass 

Neomeniomorpha sensu Scheltema) recently comprising 

18 species within eight genera, the number of species 

increasing steadily. Although some interstitial represen- 

tatives such as Biserramenia psammobionta Salvini- 

Plawen, 1968, inhabit subtidal sands, most simrothiellid 

species are found on clay or muddy sand in greater depths 

down to the abyssal zone (Helicoradomenia juani Schel- 

tema & Kuzirian, 1991), even at hydrothermal vents (Hel- 

icoradomenia bisquama and Helicoradomenia acredema 

Scheltema, 2000). 

The family is well defined by a radula composed of 

biserial radula bars with numerous denticles and by 

paired ventral salivary glands with epithelial gland cells 

(type C after Salvini-Plawen, 1978). Integumental scler- 

ites are generally hollow needles with simple or differ- 

entiated (hooked, captate) tips, with the exception of the 

genus Helicoradomenia defined exclusively by solid spic- 

ules. Copulatory stylets are present in most genera. 

MATERIALS AND METHODS 

The specimens were sampled in the northern region of 

the Mozambique Channel (Comoro Islands), northwest 

Indian Ocean, in the course of the Campagne Benthedi 

(17.3.-14.4.1977) of the Centre National de Tri 

d’Oceanographie Biologique (CENTOB, Brest). They 

were collected in depths ranging from 520 m to 1716 m 

on fine sediments (Table 1) and preserved in 70% ethanol. 

Type specimens were photographed using a dissecting 

microscope. Measurements of the small animals were 

made by means of an ocular micrometer. Length is de- 

fined as the axial midline in lateral view, height as the 

medial diameter in lateral view. Mantle spicules were 

removed in a drop of 70% ethanol on a microscopic 

slide using needles or fine bristles, then air dried and 

permanently mounted in epoxy resin (Araldit). Spicule 

types were identified, measured, and drawn using a light 

microscope equipped with an ocular micrometer. The 

decalcified specimens were serially sectioned (2 pm) in 

epoxy resin (Araldit) and stained with Methylene 

Blue—Azure II (Richardson et al., 1960). Reconstruc- 

tions of fore and/or hind ends are presented in a lateral 

perspective, reconstructions of radula bars in a frontal 

view. 

Type specimens (slides of spicule preparations and se- 

rial sections, undissected paratypes only for Spiomenia 

praematura) are deposited in the Muséum National 

d’ Histoire Naturelle de Paris, France. 

The terminology in this paper follows Salvini-Plawen, 

1985, with some changes and additions: Radial mantle 

spicules protrude vertically from the mantle surface. 

Oblique spicules protude in angles of about 35°-70° 

from the mantle surface and point posteriorly. Skeletal 

spicules (tangential spicules, Hoffman, 1949) are like- 

wise obliquely arranged but protude in very low angles 

below 20° from the mantle epithelium and consequently 

are embedded within the cuticle in several layers. They 

are oriented in angles of about 45° to each side of the 

longitudinal body axis, thus forming a network of inter- 

crossing elements. Captate spicules are characterized by 

pointed, asymmetrically broadened apical ends; the rad- 

ular buttress is a lateral thickening or reinforcement of 

a radula bar (Arnofsky, 2000; Scheltema & Schander, 

2000). Epidermal papillae are stalked glandular cell- 

groups opening onto the cuticle surface, whereas epi- 

dermal gland cells are oval and do not protrude through 
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Table | 

BENTHEDI (CENTOB) localities in the Mogambique Channel where Simrothiellidae were sampled in 1977. The sam- 

pling sites are type localities for the described species. S. com., Simrothiella comorensis, sp. nov; K. ma., Kruppomenia 

macrodoryata, sp. nov.; K. na., Kruppomenia nanodentata, sp. nov.; S. pr., Spiomenia praematura, sp. nov.; Sp. ph., 

Spiomenia phaseolosa, sp. nov. 

Sample Number of specimens per species 

BEN- Depth Latitude Longitude 

THEDI (m) (south) (east) Sediment S.com.  K. ma. K. na. Sp. pr. Sp. ph. 

37 DR 830-520 223 45°16’ sandy clay 1 

40 DR 1480 12°56’ 45°18’ yellow, muddy sand 5 
with sponge spic- 

ules 

87 CH 3716 11°44" 47°35' clay and debris 1 1 2 

the cuticle. The term vestibulum is preferred to the term 

atrial sense organ. 

SYSTEMATICS 

Simrothiellidae Salvini-Plawen, 1978 

Type genus Simrothiella Pilsbry, 1898 

Diagnosis: Mantle spicules solid or hollow; common ves- 

tibulo-buccal opening; radula with biserial bars; ventral 

salivary glands as ampullae with epithelial gland cells 

(type C) (Figure 1). 

The family comprises eight genera: Simrothiella Pils- 

bry, 1898; Cyclomenia Nierstrasz, 1902; Kruppomenia 

Nierstrasz, 1903; Biserramenia Salvini-Plawen, 1968; 

Birasoherpia Salvini-Plawen, 1978; Helicoradomenia 

Scheltema & Kuzirian, 1991; Plawenia Scheltema & 

Schander, 2000; Spiomenia Arnofsky, 2000. Sialoherpia 

Salvini-Plawen, 1978, was tentatively classified within 

Simrothiellidae but subsequently removed and placed into 

Pararrhopaliidae (Garcia-Alvarez et al., 2001). 

Simrothiella Pilsbry, 1898 

Synonyms: Solenopus Sars, partim. 

Type species: Solenopus margaritaceus Koren & Dan- 

ielssen, 1877 (ICZN, 1981). 

Diagnosis: Cuticle thick; mantle spicules hollow, acicu- 

lar; skeletal, radial, and oblique spicules present, with 

paired anteroventral radular pockets, radula bars with 

elongated lateral denticle; dorsoterminal sense organ pre- 

sent; secondary genital opening single; copulatory stylets 

present; pallial cavity with respiratory folds. 

Besides the new species recorded here, so far only the 

type species has been described within the genus. 

Simrothiella comorensis Todt & Salvini-Plawen, 

sp. nov. 

Holotype: BENTHEDI (CENTOB) 87CH, 11°44’S, 

47°35'E, 3716 m; mantle spicules (1 slide), series of his- 

tologic cross-sections (18 slides). 

Diagnosis: Oblong species; acicular mantle spicules short 

and slender; mantle without epidermal papillae; mantle 

cavity with a pair of long, anteroventral pouches conflu- 

ent with paired copulatory stylet sheaths; vestibulum with 

clusters of numerous slender papillae; radular pockets 

ventrolaterally spiraled, radula bars with 10 small denti- 

cles and a single, much longer, curved lateral denticle; 

single pair of copulatory stylets measuring almost % total 

body length. 

Description (Figures 2A, 3A, 4A—C): Body of the single 

specimen cylindrical, 1.9 mm in length, 0.6 mm in height, 

pedal groove exposed. Vestibular opening oval; mantle 

evenly covered by slightly curved to sinous, hollow, 

oblique spicules, giving animal a rough appearance. Skel- 

etal and radial spicules present, but most spicules oblique. 

Cuticle thickness 60 wm ventrally, 30 wm dorsally. Spic- 

ules thick-walled, 60 4m to 80 pm in length ventrally, 

up to 130 pm laterally and dorsally. Largest spicules sin- 

uous to S-shaped, smaller spicules curved or recurved 

(Figure 4A). Distal part of spicules solid, compressed, 10 

to 15% total spicule length. 

Vestibulum provided dorsofrontally with numerous 

slender papillae grouped in dense tufts of six to 10 pa- 

pillae. Pedal gland large. Pedal fold single, narrow, end- 

ing in front of pallial cavity opening. Sole glands small, 

decreasing in number posteriorly. Pallial cavity divided 

into a dorsal portion terminally bearing respiratory folds 

and a pair of tubelike anteroventral pouches (Figure 4C), 

60 pm long, surrounded by a thick muscular layer, and 

holding distal part of one copulatory stylet (Figure 3A). 

Pharynx muscular, lined by epithelial gland cells which 

are most numerous dorsally. No anterodorsal midgut cae- 

cum. Radula (Figures 2A, 4B) 200 1m long with 20 rows 

of paired bars. Lateroventral radular pockets short, spi- 

raled, with 10 bars each. Bars strong and curved, 90 wm 

in greatest dimension, 25 pm in height, 25 ym in width 

medially; laterally thickened and bearing a curved den- 

ticle 40 pm long, circular in cross-section, and positioned 

at right angle to the bar. Dorsal margin of bar with 10 
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Figure 1. Simrothiellidae of the BENTHEDI cruise, animals in lateral view. A, B. Kruppomenia macrodoryata Todt & Salvini-Plawen, 

sp. nov., holotype: A. Entire animal, anterior end to the right, scale bar 0.5 mm. B. Detail showing the characteristical honeycomblike 

mantle surface, scale bar 0.25 mm. C. Kruppomenia nanodentata Todt & Salvini-Plawen, sp. nov., holotype, anterior end to the left, 

scale bar 0.4 mm. D. Spiomenia praematura Todt & Salvini-Plawen, sp. nov., paratype 4, showing the slitlike vestibular opening and 

the furry appearance of the mantle spicules, scale bar 0.5 mm. E, E Spiomenia phaseolosa Todt & Salvini-Plawen, sp. nov. E. Holotype, 

immature specimen, anterior end to the left, scale bar 0.4 mm. F Paratype 1, juvenile specimen, scale bar 0.1 mm. 



C. Todt & L. v. Salvini-Plawen, 2003 Page 255 

Figure 2. A. Simrothiella comorensis Todt & Salvini-Plawen, sp. nov., holotype, histologic section of the anterior portion of the radular 

apparatus showing a pair of radula bars medially and the paired radular pouches containing further radula bars laterally; the elongated 

lateral denticles are represented in cross-section (arrowheads), scale bar 50 pm. B. Kruppomenia macrodoryata Todt & Salvini-Plawen, 

sp. nov., holotype, histologic section showing the radular apparatus in the region of the bend into paired, lateral radular pockets, scale 

bar 25 pm. C. Spiomenia praematura Todt & Salvini-Plawen, sp. nov., paratype 1, histologic section showing the radular apparatus 

with the ventral foregut glands lateral, scale bar 50 4m. D. Spiomenia phaseolosa Todt & Salvini-Plawen, sp. nov., histologic section 

showing a pair of radula bars and the ventral foregut glands, scale bar 50 wm. Key: mg, midgut; ph, pharynx; 1, radula bar; rb, radular 

bolster; vfg, ventral foregut gland. 

denticles: six pointed denticles, 6-8 pm long, followed 

laterally by one curved denticle, 20 um long, at the thick- 

ened portion of the bar and three minute, curved denti- 

cles, 5—6 wm long. 

Unpaired and paired portions of the spawning duct ap- 

proximately equal length, composed of large gland cells 

filled with mucus and deeply staining vesicles. Paired cop- 

ulatory stylet sheaths about 500 wm long, reaching almost 

midregion of body and posteriorly continuous with tubelike 

pouches of the pallial cavity (Figure 4C). Paired copulatory 

stylets about 600 jm long, diameter in the midregion 30 

um, curved, almost cylindrical and pointed at both ends; 

posterior ends protuding into pallial cavity. 

Remarks: The paired gonad contained large oocytes but 

no spermatocytes. Most likely due to the bent position 

of the studied specimen’s posterior body, the posterior 

ends of the copulatory stylets were positioned within 

posterolateral pouches of the pallial cavity (Figure 4C, 

last diagram). 

The presence of hollow skeletal mantle spicules and 

the long lateral denticle of the radula bar leads us to clas- 
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Figure 3. A. Simrothiella comorensis Todt & Salvini-Plawen, sp. nov., holotype, histologic section of the posterior body region with 

the unpaired spawning duct and the pair of tubelike pallial cavity pouches containing copulatory stylets, scale bar 50 wm. B, C. 

Kruppomenia nanodentata Todt & Salvini-Plawen, sp. nov., holotype. B. Histologic section of the subepithelial gland cells of the mantle 

epithelium anterior to the pallial cavity opening, their proximal portions crossing the integumental muscle layer (arrowhead), scale bar 

15 pm. C. Histologic section showing the radular apparatus and the paired ventral foregut glands, scale bar 50 ym. D. Spiomenia 

praematura Todt & Salvini-Plawen, sp. nov., holotype, histologic cross-section of the posterior body in the region of pallial cavity with 

suprapallial glands (arrow), showing the arrangement of pallial spines, scale bar 50 ym. a: hole in the cuticle left by pallial spine; c: 

holes left by copulatory stylets; Key: cu, cuticle; fg, foregut; im, integumental muscles; mgl, mantle glands; pc, pallial cavity; pcp, 

pouch of pallial cavity; rs, radular sheath; spd, spawning duct; vfg, ventral foregut gland. 

sify the present specimen as a species of the now mono- 

typic genus Simrothiella. In contrast to S. margaritacea, 

S. comorensis is characterized by radula bars with larger 

denticles at the dorsal margin and three small, curved 

denticles lateral to the elongated denticle, which is rela- 

tively smaller than in S. margaritacea, and by short, la- 

teroventral, not long, ventral radula pockets. The promi- 

nent epidermal papillae described for S. margaritacea 

(Odhner, 1921) do not occur in S. comorensis. The cop- 

ulatory stylets of S. comorensis are much longer. Further 

details of the anatomy of the genital tract cannot be dis- 

cussed owing to deficiencies in preservation of the more 

delicate epithelia. 

Etymology: The species name comorensis refers to the 

Comoro islands as the type locality. 
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Figure 4. Simrothiella comorensis Todt & Salvini-Plawen, sp. nov. A-C. Holotype: A. Mantle spicules. B. Reconstructed pair of 

radula bars from the midregion of the radula. C. Schematic drawings of a series of cross-sections of the posterior body region. Key: 

cop, copulatory stylet; cs, copulatory stylet sheath; pc, pallial cavity; pp, pouch of pallial cavity; sd, spawning duct. 

Kruppomenia Nierstrasz, 1903 Nierstrasz, 1903, and K. borealis Odhner, 1921, within the 

genus Simrothiella Pilsbry. Later he described the new spe- 

cies Simrothiella schizoradulata Salvini-Plawen, 1978, and 

Synonyms: Simrothiella Pilsbry partim in Salvini-Plawen S. (2) rhynchota Salvini-Plawen, 1978. Based on a study of 

1972. new material, Scheltema & Schander (2000) reconstituted 

Salvini-Plawen (1972) classified Kruppomenia minima the genus Kruppomenia and placed S. schizoradulata in a 

Type species: Kruppomenia minima Nierstrasz, 1903. 
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new genus Plawenia. In this paper we follow their conclu- 

sions. Consequently, S. rhynchota is here placed in Krup- 

pomenia on the basis of the comblike structure of radula 

bars without an elongated lateral denticle. 

Diagnosis: Cuticle thick; mantle spicules hollow, acicular 

or barbed; skeletal, radial, and oblique spicules present; 

with paired anteroventral radular pockets; radula bars nar- 

row, with numerous small denticles; seminal vesicles and/ 

or paired seminal receptacles present; secondary genital 

Opening single; copulatory stylets present; pallial cavity 

with respiratory folds; dorsoterminal sense organ present. 

There are five described species: K. minima Nierstrasz, 

1903; K. borealis Odhner, 1921; K. rhynchota (Salvini- 

Plawen, 1978); K. levis Scheltema & Schander, 2000; K. 

delta Scheltema & Schander, 2000. 

Kruppomenia macrodoryata Todt & Salvini- 

Plawen, sp. nov. 

Holotype: BENTHEDI (CENTOB) 87CH, 11°44’S, 

47°35'E, 3716 m; mantle spicules (2 slides), series of his- 

tologic cross-sections (17 slides). 

Diagnosis: Body oblong, small; mantle with large epi- 

dermal papillae; mantle spicules acicular and thin-walled, 

skeletal spicules forming an open meshwork, radial and 

oblique spicules curved; pallial cavity with a pair of long, 

anteroventral pouches; vestibulum with slender papillae 

arranged in clusters; anteroventral radular pockets shortly 

spiraled; radula bars slender with about 22 almost uni- 

form denticles; ventral foregut glands oblong; midgut 

with anterodorsal caecum; single pair of copulatory sty- 

lets almost half as long as the whole animal. 

Description (Figures 1A, B, 2B, 5A—F): Body cylindri- 

cal, 2.5 mm in length, 0.5 mm in height; anterior end 

rounded, posterior end slightly tapered (Figure 1A). Man- 

tle surface with honeycomblike appearance due to regu- 

larly scattered protusions of the cuticle combined with 

relatively short spicules (Figure 1B). Pedal groove with 

row of fragile scales and a band of thickset hollow spic- 

ules on each side. Cuticle thickness 40-90 pm including 

large, flasklike epidermal papillae protuding into it (Fig- 

ure 5D). Seven to 10 papillae per cross-section (2 wm) 

are common. Spicules thin-walled, 40—200 wm long and 
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5—12 wm wide (Figure 5B). Most common are radial spic- 

ules, skeletal spicules forming an open meshwork. Spic- 

ules with short solid tips and bent above midpoint, prox- 

imal end slightly recurved. Spicules lining vestibular and 

pallial cavities and near pedal groove of same shape but 

smaller (40—80 m) than spicules of dorsal mantle area. 

Vestibular papillae slender, about 50 ym long, arranged 

in paired lateral rows and one posterior median bundle 

(Figure 5A), containing small secretory vesicles. Dorso- 

terminal sense organ single, situated above the pallial 

cavity. Pedal fold single throughout, running from pedal 

pit to pallial cavity. Pedal gland large, sole glands along 

the pedal groove few, small. 

Pallial cavity with three areas (Figure 5E): posterodor- 

sal portion with about 11 respiratory folds; midportion 

frontally with anus and secondary genital pore; ventral 

portion frontally with two tubelike pouches covered by 

circular muscle tissue, with copulatory stylets (Figure 

5F). Opening of pallial cavity with a row of about five 

abdominal spicules on each side. Integumental muscle 

layers thin, ventral longitudinal muscles pronounced. 

Dorsoventral muscle fibers few, restricted to anterior 

body region. 

Mouth opening at posterior end of vestibulum. Pharynx 

with thin longitudinal and thick circular muscle layer 1n- 

terlaced by single radial fibers; epithelial secretory cells 

anteriorly numerous, containing heavily staining vesicles. 

Radula (Figure 2B) biserial, 70 4m wide, 230 pm long, 

with about 35 paired bars; anteroventral radular pockets 

paired, each with about 13 radula bars. Bars slender, al- 

most straight, lateralmost portion slightly bent (Figure 

5C), 60 wm broad, 4 pm in height, 5 pm thick. The 18— 

22 denticles shortest medially (2 4m), up to 5 pm later- 

ally, with sharply pointed curved tips. Ventral foregut 

glands as oblong ampullae adjacent to radula, composed 

of epithelial glandular cells, covered by thin muscular 

layer. Midgut with anterodorsal caecum; hindgut short, 

Opening into dorsal portion of pallial cavity. 

Gonopericardioducts paired anteriorly, fusing to a sin- 

gle duct at midportion. Pericardium with ventricle at- 

tached to dorsal wall; pericardioducts opening at posterior 

end of pericardium and curving anteriorly to merge with 

posteriorly running spawning ducts. Seminal receptacles 

single, large, opening into pericardioducts shortly before 

Figure 5. Kruppomenia macrodoryata Todt & Salvini-Plawen, sp. nov. A-E Holotype. A. Schematic diagram of 

the anterior body. B. Mantle spicules. C. Reconstructed pair of radula bars from the midregion of the radula. D. 

Schematic diagram of a cross-section of epidermis and decalcified cuticle showing large epidermal papillae and the 

orientation of spicules. E. Schematic diagram of the posterior body. FE Series of cross-sections from the midgut 

region posteriorly to the pallial cavity. Key: c, cerebral ganglion; cop, copulatory stylet; cp, ciliary pedal pit, 

indicated by dotted line; cu, cuticle; dts, dorsoterminal sense organ; e, epidermis; ep, epidermal papilla; gon, gonad; 

gpd, gono-pericardial duct; hg, hindgut; mg, midgut; p, pericardium; pc, pallial cavity; pd, pericardial duct; pf, 

pedal fold; pg, pedal gland; ph, pharynx; pm, protractor muscle of copulatory stylet; pp, pouch of pallial cavity; r, 

radula; rf, respiratory fold; sd, spd, spawning duct; sr, seminal receptacle; v, heart ventricle; ve, vestibulum; vfg, 

ventral foregut gland; vp, vestibular papillae. 



Page 260 

their junction with spawning ducts. Spawning ducts fused 

about % of their way to pallial cavity, covered by circular 

muscles. Single pair of curved copulatory stylets, 1 mm 

long, almost half the total length of animal; anterior por- 

tion within sheath almost cylindrical, midregion laterally 

compressed, measuring 35 wm X 10 pm in cross-section, 

posterior portion tapering. Stylet sheath with layer of lon- 

gitudinal muscles posteriorly confluent to single muscle 

bundle fixed to body wall posterolateral to pallial cavity. 

Remarks: In the present specimen the long, tubelike ven- 

tral pallial pouches for the copulatory stylets are com- 

pressed and thus no lumina are visible. 

The placement of the species in the genus Kruppomen- 

ia is based on the presence of hollow skeletal mantle 

spicules, copulatory stylets, and slender radular bars with 

numerous small denticles. The denticulation of the radula 

bars, however, with a relatively low number of denticles 

compared to other representatives of the genus, and the 

long copulatory stylets represent distinct features to de- 

fine the species. 

Etymology: Macrodoryata from Greek makros (large) 

and dory (rod) referring to long copulatory stylets. 

Kruppomenia nanodentata Todt & Salvini- 

Plawen, sp. nov. 

Holotype: BENTHEDI (CENTOB) 37DR, 12°53’'S, 

45°16'2E, 830-520 m; mantle spicules (1 slide), series of 

histologic cross-sections (10 slides). 

Diagnosis: A small, stout species with relatively short, 

thin-walled acicular spicules; mantle without epidermal 

papillae but with epidermal gland cells forming a ventral 

glandular mass anterior to pallial cavity opening; vestib- 

ulum with branched, slender papillae in clusters; radula 

small, radula bars fragile with numerous tiny denticles 

and a small lateral hook; ventral foregut glands oval; mid- 

gut without anterodorsal caecum; single pair of copula- 

tory stylets. 

Description (Figures 1C, 2B, C, 6A-D): Body light 

brown, cylindrical, 3.5 mm in length and 0.6 mm in 

height, posterior end slightly broadened (Figure 1C). 

Mantle surface covered by short spicules resulting in al- 

most smooth outline, longer spicules at ventral groove 

and margin of pallial cavity opening. Vestibular opening 

and pedal groove clearly visible, pallial cavity opening 

covered by spicules. 

Cuticle thickness 45 jm ventrally, 60 wm dorsally. 

Skeletal and obliquely upright spicules most abundant, 

radial spicules rare. Spicules of two principal types (Fig- 

ure 6C): type | between 100 wm and 200 p.m long, slight- 

ly curved to recurved or double-bent with solid tips of 

up to 15% of total extension; type 2 more slender, length 

ranging between 70 wm and 150 wm, recurved, S-shaped 

or multiple-bent with long, curved tips making up 20— 

30% of total length. 
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Vestibulum with slender, branched papillae in clusters 

(Figure 6A). Pedal fold single to the opening of pallial 

cavity, 20 wm wide, 25 wm high; density of sole glands 

decreasing posteriorly. Pallial cavity with five long respi- 

ratory folds dorsally, and with paired anteroventral 

pouches, 500 wm long, continuous with the copulatory 

stylet sheaths. 

Glandular cells of epidermis with transparent secre- 

tions and tiny dark vesicles; more numerous ventrally. 

Glandular mass of subepithelial gland cells, anteriorly bi- 

lobed, above and laterally to posterior end of pedal fold 

(Figure 3B), discharging through cuticle laterally to pedal 

groove via small interstices or fine ducts; secretional 

products very similar to epidermal gland cells. Integu- 

mental muscle layers thin, longitudinal muscle tissue pro- 

nounced ventrally. Dorsoventral muscle bundles forming 

strong retractors for pedal pit and foregut. 

Pharynx with strong circular and longitudinal muscle 

layers, with evenly spread epithelial gland cells holding 

translucent, granular contents. Radula minute, 70 wm in 

total length, and consisting of 45 pairs of small bars, up 

to 14 wm in greatest dimension and 2 pm in height (Fig- 

ure 6D). Distal margins of bars with numerous, tiny den- 

ticles and one larger curved denticle laterally. Radular 

pockets paired, with about 20 radula bars, spiraling 

lateroventrally in a single turn. Ventral foregut glands 

egg-shaped, 160 wm long, 80 wm wide, located on each 

side of radular sheath and attached to it by thin cords of 

connective tissue (Figures 3C, 6B), opening to. pharynx 

lateroventral to radula. Midgut with small anterodorsal 

lobe, no proper caecum developed. 

Paired pericardioducts from posterior end of pericar- 

dium ventrally, then anteriorly adjacent to roof of paired 

spawning ducts. Paired, anterior part of spawning duct 

slightly longer than unpaired part, with spongy epitheli- 

um, containing small, deeply staining, rodlike bodies; 

near junction of paired spawning ducts, epithelial cells 

with deeply staining secretions; epithelial cells of un- 

paired spawning duct with transparent secretion and dark 

globular vesicles larger than those of epidermal gland 

cells. Single pair of copulatory stylets, 290 wm long, 14 

jzm in maximum diameter, oval in cross-section, tapering 

slightly proximally and more obviously at the distal end. 

Stylet sheaths with circular muscle layer, posteriorly 

opening to paired anteroventral pouches of pallial cavity, 

protractor muscles from anterior end of sheath to later- 

oventral body wall. 

Remarks: The paired gonad is small, indicating a pos- 

sibly premature state of the animal, but holds oocytes and 

spermatocytes. The epithelium of the paired, anterior part 

of the spawning duct is spongy, containing small, deeply 

staining, rodlike bodies. This can be interpreted either as 

highly vascularized epithelium with cells containing glan- 

dular vesicles of a peculiar shape or as differentiation into 

numerous, small seminal vesicles holding sperm. 



C. Todt & L. v. Salvini-Plawen, 2003 Page 261 

50um 

Figure 6. Kruppomenia nanodentata Todt & Salvini-Plawen, sp. nov. A—D. Holotype. A. Schematic diagram of the anterior body. B. 

Schematic diagram of a cross-section in the anterior body region showing the position of radular apparatus and ventral foregut glands. 

C. Mantle spicules of types 1 and 2. D. Reconstructed pair of radula bars from the midregion of the radula. Key: c, cerebral ganglion: 

cp, ciliary pedal pit; cu, cuticle; fg, foregut; int, integument; mg, midgut; pf, pedal fold; pg, pedal gland, indicated by dotted line; ph, 

pharynx; r, radula; sg, sole gland; vfg, ventral foregut gland; vp, vestibular papillae. 

The presence of hollow, skeletal mantle spicules, of 

slender radular bars with numerous small denticles, and 

of copulatory stylets indicates a relationship to species in 

the genus Kruppomenia. However, the gland cells of the 

mantle epithelium differ from the stalked epidermal pa- 

pillae typical for other species of Kruppomenia. In par- 

ticular, the glandular mass anteroventral to the pallial cav- 

ity opening has not been described for Kruppomenia spe- 

cies. The formation of seminal vesicles and receptacula 

could not be determined owing to poor preservation of 

the fragile epithelia. The radular apparatus is much small- 

er than in other known species of the genus. 

Etymology: The species name nanodentata from Latin 

nanus (dwarf) and Latin dentatus (tooth bearing) refers 

to the minute radula bars. 
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Spiomenia Arnofsky, 2000 

Type species: Spiomenia spiculata Arnofsky, 2000. 

Diagnosis: Cuticle thick; mantle spicules hollow, thin- 

walled, partly with asymmetrically broadened tips (cap- 

tate), exclusively oblique, no skeletal spicules; with 

paired anteroventral radular pockets, radula bars with lat- 

eral buttress, denticles heterogeneous, formed also lateral 

to the buttress; dorsoterminal sense organ present; sec- 

ondary genital opening single; copulatory stylets present; 

pallial cavity with respiratory folds. 

Spiomenia praematura Todt & Salvini-Plawen, sp. 

nov. 

Holotype: BENTHEDI (CENTOB) 40DR, 12°56’S, 

45°18'E, 1 480 m; mantle spicules (1 slide), series of 

histologic cross-sections (26 slides). 

Numbered paratypes: Paratype 1: type locality; mantle 

spicules (1 slide), series of histologic cross-sections (20 

slides); paratype 2 type locality; mantle spicules (1 slide), 

series of histologic cross-sections (14 slides); paratypes 

3, 4: type locality; whole animals in 70% ethanol. 

Diagnosis: A spiculose species with elongate body; lon- 

gest mantle spicules acicular, captate spicules more slen- 

der with length of cap 1/5 to 1/6 of total length, opening 

of pallial cavity laterally with a paired row of (6) pallial 

spines; mantle without epidermal papillae; vestibulum 

small with few, very short papillae; suprapallial glands 

present; radula bars curved with 17 denticles, one small 

denticle laterally to the barely pronounced radular but- 

tress; ventral salivary glands within buccal muscle tissue, 

midgut with anterodorsal caecum; genital tract unknown 

(all available specimens subadult); single pair of long 

copulatory stylets. 

Description (Figures 1D, 2C, 3D, 7A—C): Body almost 

cylindrical, anterior and posterior ends slightly tapered, 

subadult holotype 3.6 mm long, 0.9 mm high. Spicules 

thickest, longest at posterior body end, regularly and uni- 

directionally arranged (Figure 1D). Vestibular opening 

triangular, pedal groove and pallial opening covered by 

spicules. 

Cuticle 80 wm high, dorsally somewhat thickened. 

Mantle spicules in one layer, hollow, thin-walled, slightly 

recurved (Figure 7B), of three different types: type | 

acicular, 500 to 600 pm long, up to 25 wm wide; type 2 

acicular, 70 to 200 pm long, 5 to 10 wm wide. Types | 

and 2 with pointed, compressed solid tips of varying 

lengths but no longer than 15% of whole spicule length. 

Type 3 distally asymmetrically broadened (captate), with 

solid tips occupying about 15—25% of total length. Types 

2 and 3 representing a continuum from acicular spicules 

with short tips to captate spicules. Small scales around 

dorsoterminal sense organ. 

Vestibulum small, with few short and plump papillae 
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(Figure 7A); laterally covered by a thin layer (10 ym) of 

cuticlelike appearance. Pedal pit tiny in contrast to large 

pedal gland. Pedal fold single to pallial cavity, sole glands 

numerous. Pallial cavity split into three superposed 

pouches: dorsalmost pouch surrounded anteriorly by vac- 

uolated subepithelial gland cells (suprapallial glands) 

with dark-staining contents, posteriorly with two pairs of 

respiratory papillae; median pouch with secondary genital 

pore below anus; ventralmost pouch as short, single tube, 

flanked by a paired row of six pallial spines (Figures 3D, 

7D). Copulatory stylets paired, large, accompanied by 

two pairs of shorter pallial spines, protuding into ventral 

pallial pouch. Dorsoterminal sense organ small, single, 

situated above terminal portion of pallial cavity, exter- 

nally not visible. 

Mantle epithelium with numerous glandular cells filled 

with deeply staining vesicles, no epidermal papillae pro- 

truding into cuticle. Transversal and longitudinal muscles 

of the body well developed, lateroventral longitudinal 

muscle tissue pronounced. Dorsoventral muscle bundles 

restricted to anterior body, forming three pairs of strong 

foregut retractors and constricting the dorsal midgut cae- 

cum. 

Pharynx with thick layer of circular muscles, without 

epithelial gland cells. Radula (Figure 2C) supported by a 

complex composed of at least seven vacuolated bolsters, 

muscles and connective tissue, about 420 wm long; rad- 

ular sheath 80 ym wide anteriorly. Paired anteroventral 

radular pockets short (in the present subadult specimens), 

containing the anteriormost five to seven radula bars of a 

total of 20 to 25 pairs. Radula bars almost rectangularly 

bent, 60 1m broad, 9 pm high (Figure 7C), with radular 

buttress in the region of the bend where bars are up to 

12 wm thick; with 17 pointed and moderately curved den- 

ticles which are longest (9 4m) at buttress and one small 

denticle lateral to buttress. Ventral foregut glands as elon- 

gated ampullae embedded in muscle tissue of radular ap- 

paratus, composed of epithelial glandular cells containing 

either secretory vesicles or a deeply staining secretion. 

Esophagus short; midgut with anterodorsal caecum. Hind- 

gut short, opening into dorsal pouch of pallial cavity. 

Genital system of present specimens not fully devel- 

oped: gonad small; gonopericardioduct paired throughout, 

pericardium spacious, tubelike ventricle on each end fixed 

to roof of pericardium; pericardioducts and seminal ves- 

icles lacking; unpaired part of spawning duct surrounded 

by thick layers of circular muscles, paired ducts short, 

ending blindly. Epithelial cells of spawning duct large, 

pear-shaped, filled with dark-staining secretions. Single 

pair of copulatory stylets, evenly curved, slightly flat- 

tened terminally, 560 wm long and 20 pm in maximum 

width; copulatory stylet sheath with circular muscle layer 

and single protractor muscle consisting of very small fi- 

bers running from anterior part of sheath to posterior ven- 

trolateral body wall. 
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Figure 7. Spiomenia praematura Todt & Salvini-Plawen, sp. nov. A. Paratype 1, schematic diagram of the anterior body. B. Holotype, 

mantle spicules. C. Paratype 1, reconstructed pair of radula bars from the midregion of the radula. D. Holotype, schematic diagrams of 

cross-sections of the posterior body showing copulatory stylets and pallial spines, first cross-section anterior to second one. Key: c, 

cerebral ganglion; cop, copulatory stylet; cp, ciliary pedal pit; cu, cuticle; dts, dorsoterminal sense organ; hg, hindgut; mg, midgut; p, 

pericardium; pc, pallial cavity; pf, pedal fold; pg, pedal gland, indicated by dotted line; ph, pharynx; pp, pouch of pallial cavity; ps, 

pallial spine; r, radula; rf, respiratory fold; spd, spawning duct; spg, suprapallial glands; vfg, ventral foregut gland; vp, vestibular 

papillae. 
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Figure 8. Spiomenia phaseolosa Todt & Salvini-Plawen, sp. nov. A, B. Holotype. A. Mantle spicules. B. Reconstructed pair of radula 

bars from the midregion of the radula. 

Remarks: The immature state of the sampled specimens 

caused some uncertainties. The body length of adult spec- 

imens may reach more than 5 mm. Important features of 

the genital tract including seminal receptacles and/or ves- 

icles are unknown. The ectodermal spawning ducts are 

present, whereas the mesodermal pericardioducts are not 

yet developed. The development of copulatory stylets ap- 

parently starts early in maturation, their dimensions in 

adult specimens are unknown. 

Nevertheless, integument characters including the pres- 

ence of the characteristic captate spicules as well as fea- 

tures of the radular apparatus and of the ventral foregut 

glands which are embedded into buccal muscle tissue jus- 

tify a classification within the genus Spiomenia. In con- 

trast to S. spiculata, S. praematura bears suprapallial 

glands but lacks a dorsal salivary gland. The denticles on 

radula bars of S. praematura are more uniform in size 

and there is only a single denticle lateral to the radular 

buttress, which is hardly pronounced and easily over- 

looked in histologic sections. A close relationship be- 

tween the genera Plawenia and Spiomenia is indicated by 

the absence of skeletal spicules and of epidermal papillae 

as well as by radula morphology. The radula bars of spe- 

cies in both genera show an overall similarity with den- 

ticles laterally to the radular buttress occurring only in 

Spiomenia. The presence of captate mantle spicules in 

Spiomenia is the second character separating the two gen- 

era. However, whether this represents a true generic 

(equivalent to other generic definitions in Solenogastres) 

or a subgeneric character remains open for forthcoming 

discussion when broader comparative information will be 

available. 

Etymology: The species name praematura from Latin 

prae (before, early) and Latin maturus (mature) refers to 

the presence of copulatory stylets and pallial spines in an 

early state of maturity. 

Spiomenia phaseolosa Todt & Salvini-Plawen, sp. 

nov. 

Holotype: BENTHEDI (CENTOB) 87CH, 11°44’S, 

47°35'E, 3716 m; mantle spicules (2 slides), series of his- 

tologic cross-sections (13 slides). 

Paratype: Type locality; mantle spicules (1 slide), series 

of histologic cross-sections (4 slides). 

Diagnosis: A small, spiculose species, mantle spicules 

slender, solid tips of captate spicules occupy 1/5—1/4 total 

spicule length; mantle without epidermal papillae; vestib- 

ulum with mostly branched papillae; radula bars thick, 

with seven denticles; gonopericardial system and pallial 

organs unknown. 

Description (Figures 1E, F, 2D, 8A, B): Holotype im- 

mature, spiny, and stout, 1.7 mm long and 0.7 mm high. 

Mantle spicules slender, increasing in length from anterior 
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to posterior body region (Figure 1E). Vestibular opening 

triangular, pedal groove visible, pallial opening covered 

with spicules. Cuticle 40 wm thick dorsally, 60 wm ven- 

trally. Mantle spicules (Figure 8A) thin-walled, of two 

types: acicular spicules, very slender, recurved, 70 ym to 

320 pm, 4-10 wm wide, with solid tips varying in length 

from 10 to 30% of whole spicule; captate (distally asym- 

metrically broadened) spicules 150 1m—250 wm long, 5— 

7 wm wide, solid tip about 15-25% of total spicule 

length. Vestibulum spacious with numerous, partly 

branched papillae, up to 150 wm long and 40 wm wide. 

Pedal fold single, pedal gland large, sole glands regularly 

scattered along pedal groove, which ends anterior to pal- 

lial cavity opening. Dorsoterminal sense organ single. 

Mantle epithelium with glandular cells, epidermal pa- 

pillae lacking. Integumental muscle layers thin, longitu- 

dinal muscles ventrally pronounced; three paired dorso- 

ventral muscle bundles as buccal retractors, posteriormost 

pair constricting dorsal midgut caecum, resulting in a 

three-lobed formation of its anterior part. 

Pharynx with thick circular and longitudinal muscle lay- 

ers, dorsally lined by epithelial gland cells. Radula (Figure 

2D) 240 pm long with 20 pairs of plates; midregion of 

radular sheath 90 4m wide, anteriorly wider with distance 

between paired radula bars growing, no true anteroventral 

radular pockets developed. Radula bars about 90 wm 

broad, height ranging from 6 wm medially to 12 pm lat- 

erally (Figure 8B), thickness from 5 wm medially to 14 

zm at lateral buttress. Dorsal margin of bars with seven 

denticles: denticles 1—4 evenly spread, innermost shortest, 

2.5 4m long, denticle 5 located on the radular buttress, 8 

wm long; denticle 6 about 6 pm long and arranged at an 

angle to other denticles, lateralmost denticle in plane with 

denticles 1—4. Paired ventral foregut glands within muscle 

tissue lateroventral to radula, with narrow lumen, pores to 

pharynx laterally to radula. Esophagus short, midgut with 

anterodorsal caecum, hindgut short. 

Genital tract not yet developed with exception of pos- 

teriormost part of unpaired spawning duct. Ventricle fixed 

to pericardial roof over its total extension. 

Remarks: The developmental status of the present spec- 

imens influences not only the gonopericardial tract but 

also the body shape (Figures 1E, F), as well as the for- 

mation of the anteroventral radular pockets. Nevertheless, 

epidermal spicules and radula plates demonstrate rela- 

tionship to the genus Spiomenia as well as species-spe- 

cific conditions. 

Etymology: The species name phaseolosa from Latin 

phaseolus (bean) refers to the bean-shaped body outline. 

DISCUSSION 

The species of Simrothiellidae sampled on the Benthedi 

cruise are classified in the genera Simrothiella, Kruppo- 

menia, and Spiomenia. The low number of specimens, 

however, leaves some questions open. These concern es- 

pecially the anatomy of the gonopericardial tract in 

Spiomenia praematura and Sp. phaseolosa, where only 

immature animals were available. Scarcity of the material 

also precluded destructive methods to isolate radulae and 

copulatory stylets. Further sampling in the region would 

be desirable to fill in the gaps and to reconfirm details of 

internal anatomy and histology. 

The Benthedi cruise revealed not only five new Sim- 

rothiellidae but also seven additional new Solenogastres 

species in five families (in preparation). Not a single spe- 

cies in the material could be identified as belonging to a 

published species. Taking into consideration that the So- 

lenogastres fauna of the Indian Ocean has not been stud- 

ied to date, the number of new species is not surprising. 

The fauna of the Indian Ocean north of 40°S including 

the Mozambique Channel is highly influenced by the 

Indo-Pacific region, whereas influence of the Antarctic 

Bottom Water flowing northward is not important in this 

region (Vinogradova, 1997). This may explain the lack 

of conformity to the Antarctic and Subantarctic Soleno- 

gastres fauna (Salvini-Plawen, 1978). Species descrip- 

tions from Indo-Pacific regions (Nierstrasz, 1902), how- 

ever, are rare. Further research remains to be conducted 

to provide better insight into the species diversity of So- 

lenogastres of the Indian and Pacific Oceans. 
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The family Melongenidae is represented in Brazil only 

by the species Pugilina morio (Linnaeus, 1758) (Mat- 

thews, 1967; Rios, 1994) (Figure 1) which is very com- 

mon in estuarine areas. Pugilina morio is a slow moving 

predator that preys mainly on bivalves using the foot to 

embrace the prey, putting the outer lip of the shell be- 

tween the valves, and then introducing the pleurembolic 

proboscis (Matthews-Cascon et al., 1990). This species 

has a sexually dimorphic shell, with the females having 

a larger body whorl than the males (Matthews-Cascon et 

al., 1990). Some human populations use Pugilina morio 

as a food source. 

In the present study the following aspects of Pugilina 

morio spawn were studied: size of the egg capsules de- 

posited per female, number of eggs per capsule, and the 

length of the development period. 

In July of 1998, 56 egg capsules and 30 adults of Pug- 

ilina morio (20 females, 10 males) were collected in the 

estuary of the Ceara River, Fortaleza, Ceara, Brazil 

(0.38°35'15”W; 0.3°41'54”S) and transferred to the labo- 

ratory where they were kept in well aerated 60 liter water 

tanks at a constant temperature (28°C) and salinity (30%c) 

and fed ad libitum during 3 months. 

We measured length and width of egg capsules and 

counted the number of eggs in each for 60 capsules laid 

in the tanks by the 20 females and 56 collected in the 

field. To determine the duration of the intracapsular 

trochophore and veliger stages and the period until hatch- 

ing, 10 capsules were observed daily, and the stage of 

development of most individuals was recorded. 

To determine the spawning season, monthly field ob- 

servations were made from January 1998 to December 

1999 in the estuary of the Ceara River. 

Results 

The reproductive period of Pugilina morio in the estuary 

of the Ceara River during both years, 1998 and 1999, 

lasted from July to November with a peak in September. 

In the field, P. Morio spawned egg masses on rocks or 

on the pilings from the old harbor. In the laboratory, the 

egg masses were attached to the surface of the aquarium. 

The egg masses were beige when released and later be- 

came yellow. 

The capsules measured 10-15 mm in length (mean 

13.3 mm + SD 0.98, n = 116) and 8-14 mm in width 

(mean 11.8 mm + SD 1.00, n = 116) (Figures 2, 3), and 

each capsule contained 50-167 eggs (mean 97.4 + SD 

43.2, n = 116). The Pugilina morio capsules have five to 

six ridges on the side with the exit aperture, and are 

smooth on the side opposite the exit aperture. Each cap- 

sule has an exit plug located laterally on the upper side 

of the capsule as illustrated in Figure 2. The plug cov- 

ering this exit aperture was opaque with an elliptical 

shape, measuring between 0.8—2.5 mm in diameter (mean 

1.6 mm + SD 0.40, n = 94). 

The trochophore stage was reached by day 16 and the 

early veliger stage by day 30. Hatching as late stage ve- 

ligers larvae occurred between 7 to 8 weeks after ovi- 

position. 

The veliger larva has a large velum with four lobes, 

with two lines of cilia on the edge of the velum. The 

protoconch has two whorls and is light brown in color 

(Figure 4). The first whorl has a granular appearance 

(Figure 5). The second whorl is clearly distinct from the 

first whorl and exhibits a series of ridges crossed by weak 

growth lines (Figure 6). The protoconch measures be- 

tween 700 and 750 pm (mean 722 + SD 24.9 pm, n = 

10) (Figures 7, 8). 

After hatching from the egg capsule at the late veliger 

stage, already with the foot, the larvae remained swim- 

ming around the capsule for 24 hours and then started 

crawling in the tank bottom, already with the velum re- 

absorbed. Nurse eggs were not observed, and 90% of all 

the embryos hatched. The other 10% did not develop and 

remained untouched in the egg capsule. 

After the apical plug opened, the egg masses were at- 

tacked by protozoans and nematodes that ate the rest of 
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Figures 1-8. Pugilina morio. Figure 1. Female spawning. Figure 2. Egg capsules, 12 mm in length and 9 mm in width. Figure 3. Egg 

masses. Figure 4. SEM dorsal view of the protoconch. Figure 5. SEM detail of the first whorl of the protoconch. Figure 6. SEM, detail 

of the second whorl of the protoconch. Figure 7. SEM, ventral view of the protoconch. Figure 8. SEM, detail of the apertural view of 

the protoconch. 
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the material that remained inside the capsules. Some egg 

masses collected in the field had polychaete tubes at- 

tached. 

The oviposition of egg capsules lasted for about 8 days; 

females did not eat until spawning was completed. Com- 

munal spawning was not observed in the laboratory. 

Discussion 

The spawning season of Pugilina morio in the estuary of 

the Ceara River determined in the present study, July to 

November, may be related to the occurrence of the dry 

season in the region during this time of the year, when 

the salinity in the estuary is higher. According to Mat- 

thews-Cascon et al. (1990), the time of reproduction of 

Pugilina morio at Salinas Beach, Para State in the north 

of Brazil, was mainly during the months of September 

and October. 

Hatching as free veliger larvae has also been reported 

in Pugilina cochlidium by Natarajan (1958). Most of the 

other members of the family studied (Melongena, Hemi- 

fusus, Busycon, and Busycotypus) have direct develop- 

ment (Clench & Turner, 1956; Robertson, 1974; D’ Asaro, 

1997); however, Melongena melongena from the southern 

Caribbean also hatches as a veliger larva (Bandel, 1975). 

We did not observe nurse eggs inside the egg capsules, 

and Clench & Turner (1956) observed the same thing for 

Melongena corona. D’ Asaro (1997) estimated the pres- 

ence of 52 to 74 eggs per capsule in Pugilina morio from 

Sierra Leone, west Africa, whereas in the present study 

we found a wider range of 50 to 167 eggs per capsule. 

The same author compared the egg capsules of popu- 

lations of Pugilina morio from Sierra Leone, west Africa 

and from Gambia, west Africa and Brazil and found that 

in the first population the exit aperture is located in the 

middle of the upper side of the capsule and in the second 

and third population (Gambia and Brazil), the exit aper- 

ture is displaced laterally, which is consistent with our 

own observations. 
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Introduction 

The genus Crepidula Lamarck, 1799, is widely distrib- 

uted in South and North America, with about 20 species 

in the Pacific and Atlantic coast of North America (Ab- 

bott, 1974; Hoagland, 1986), at least seven species in the 

Caribbean (Diaz & Puyana, 1994; De Jong & Coomans, 

1988; Warmke & Abbott, 1961), and at least five species 

nm 
; ag 25} y 

ma a aa Bi Fm 

Figure 1. Dorsal and ventral view of the adult shell of Crepi- 

dula aculeata. 
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Figure 2. Map of the Caribbean showing the collecting site on the coast of Venezuela. 

Table | 

Egg capsule dimensions of Crepidula aculeata. Values represent mean + SD, numbers in parentheses indicate range. (n 

= number of egg capsules measured). 

Egg capsule Width (A) Length (B) Stalk (C) 

Species shape mm mm mm 

Crepidula 3.1 + 0.8 3.2 + 0.6 Sy) a= (0);7/ 

(1.6—5.3) (1.6—5.3) (1.7-S.3) 

n = 361 n = 361 n= 175 

aculeata 
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Figure 3. Embryonic development of Crepidula aculeata. A. Uncleaved egg. B. First cleavage. C. Four blastomeres. D. Gastrula. E. 

Trochophore. F. Early veliger. G. Late veliger. H. Pre-hatching. Scale bar 100 wm. (All photos taken from preserved material). 

in southern South America (Cled6n & Penchaszadeh, 

2001). The reproduction of several species has been de- 

scribed (Hoagland, 1986; Stone Ament, 1979; Collin, 

2000a,b; Cledén & Penchaszadeh, 2001; Gallardo, 1977, 

1996); however, the developmental mode is still unknown 

for about half of the currently recognized species (Collin, 

2000b). A common feature among the genus and other 

members of the family is the pattern of encapsulation and 

brooding. The egg capsules have a similar shape but var- 

iable sizes and numbers and are all attached to the sub- 

strate by a common point. The brooding chamber, be- 

tween the female and the substrate, is well oxygenated 

due to a continuous inhalant current from the female gills 

while brooding (Hoagland, 1979). Crepidula species have 

a great diversity in developmental modes. Some species 

hatch as planktonic veligers, and others hatch as pedi- 

veligers or as crawling juveniles. Development is com- 

pleted in many species by the ingestion of extraembry- 

onic food sources such as nurse eggs and/or sibling em- 

bryos within the same capsule (Hoagland, 1986; Collin, 

2000b; Miloslavich & Penchaszadeh, 2001). 

In this paper, we describe the egg capsules, embryonic 

development, and hatching mode of Crepidula aculeata 

(Gmelin, 1791) from Puerto Cabello, Venezuela, on the 

northwestern coast of Golfo Triste, Venezuela. We also 

study the relationship between female size and some re- 

productive parameters such as number and size of egg 

capsules, number and size of eggs, number and size of 

hatchlings and hatching mode and, finally, determine if 

the embryos benefit from extraembryonic food sources 

such as nurse eggs or cannibalism. 

Materials and Methods 

A total of 62 brooding females of Crepidula aculeata 

(Figure 1) were collected during 1986 at the intake chan- 

nel of the Planta Centro power plant in Puerto Cabello, 

Venezuela, between | and 3 m depth. They were attached 

to flat, large rocks at both sides of the channel entrance. 

Planta Centro is located on the coast of Golfo Triste on 

the central west coast of Venezuela between 10°29’'48” 

and 10°30'6”N and 68°9'12” and 68°9'36"W (Figure 2). 

The samples were observed alive and then were fixed in 

7% formalin, preserved in 70% ethanol, and stored in the 

egg and capsule collection of the Marine Biology Labo- 

ratory, Universidad Simon Bolivar for further measure- 

ments. Voucher adult material was deposited at the Acad- 

emy of Natural Sciences, Philadelphia, USA, number 

A11990. 

The following reproductive aspects were studied: (1) 

number and size of egg capsules brooded per female, (2) 

number and size of eggs and developing embryos within 

the capsule, (3) observation of the different stages of de- 

velopment, and (4) hatching mode and size of hatchling. 

We also calculated the relationship between female size 

in terms of shell length and the following reproductive 

parameters: number of capsules, number of eggs per cap- 

sule, and capsule size with a Pearson correlation coeffi- 

cient. 
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Table 2 

Crepidula aculeata. Description of the embryos during intracapsular development. Values represent mean + SD, numbers 

in parentheses represent range, n represents number of observations. All measurements taken from preserved material. 

(n = number of embryos measured at each stage, n’ = number of females with embryos at each of the developmental 

stages) 

Stage Description 

Egg Round, yellow, uncleaved egg. 

First cleavages Yellow embryo with 4 blastomeres. 

Gastrula Roundish yellow embryo with yolk 

at the vegetal pole. 

Trochophore Elongated yellow embryo, yolk in 

the posterior end. Development 

of velum begins. 

Early veliger Yellow embryos with eyes, organic 

matrix of shell, yolk in the poste- 

rior end and small velum. 

Development of the foot with an 

operculum (227 + 55 ym in di- 

ameter). Velum with black spots. 

Calcified shell, transparent and 

very fragile. 

Crawling juvenile with calcified 

white shell with vertical lines, 

foot with operculum. Yolk re- 

serves in the posterior end. 

Crawling juvenile with calcified 

white shell with vertical lines, 

foot with operculum and black 

pigmentation. 

Late veliger 

Pre-hatching 

Hatching 

Number of embryos Size of embryos 

per capsule (wm) 

38 + 11 417 + 43 

(12-65) (300-630) 

n = 57, n’ = 10 n = 263 

SSI =n9 413 + 23 

(34-43) (360—450) 

n = 3,n’ = 1 n = 30 

30 +5 486 + 52 

(20-43) (420-630) 

n= 16,n’ =5 n= 101 

17 +6 587 + 48 

(8-23) (450-720) 

n=5,n’ =3 n= 88 

23 +6 618 + 63 

(9-30) (480-810) 
n= 21,n’ =9 n = 239 

Gf ae 3} 687 + 62 

@i2=21) (570-750) 

n=5,n’ =3 n = 36 

14+ 6 858 + 102 

(4-20) (660-1080) 

n=5,n’ =2 n = 54 

Live observations from different 1181 + 337 

females in the laboratory (900-1170) 

n= 8 

Results and Discussion 

Brooding females of C. aculeata measured between 15 

and 36 mm in shell length, between 12 and 23 mm in 

shell width, and between 4.5 and 6.6 mm in shell height. 

A significant relationship between female size and some 

reproductive parameters such as size and number of egg 

capsules per brood, as well as the number of eggs per 

capsule is a common feature in calyptraeid species 

(Hoagland, 1986; Chaparro et al., 1999) but in C. acu- 

leata we found no relationship between female size and 

any reproductive parameter (Pearson correlation coeffi- 

cient, p > 0.05 for all parameters). Each female brooded 

between four and 19 egg capsules. The egg capsules were 

thin and transparent and had the typical shape among ca- 

lyptraeids, triangular, with one corner extending to form 

a stalk by which all the egg capsules were attached to the 

substrate at a common point. Egg capsules measured be- 

tween 1.5 and 5.3 mm both lengthwise (without the stalk) 

and in width. The stalk measured between 1.7 and 5.3 

mm in length (Table 1). Each capsule contained between 

12 and 65 uncleaved eggs measuring about 417 wm in 

diameter (Figure 3A). Adelphophagy of nurse eggs was 

not directly observed, and all eggs underwent cleavage 

(Figures 3B, C); however, a significant difference be- 

tween the number of eggs and the number of gastrulas 

was obtained (Kruskal-Wallis between all stages, p < 

0.01 followed by non-parametric T for multiple compar- 

isons between egg and gastrula stages). The gastrula (Fig- 

ure 3D) measures almost the same size as the uncleaved 

egg and it develops to a trochophore (Figure 3E). Be- 

tween the trochopohore stage and the pre-hatching stage, 

the mean number of embryos per capsule also decreased 

significantly, possibly due to cannibalism among sibling 

embryos. We observed 47 egg capsules in the prehatching 

stage containing a total number of 898 pre-hatching em- 

bryos. Of these, 20 egg capsules had empty embryonic 

shells (42.5%) with a total count of 38 empty shells 

(4.2%). In calyptraeids, sources of extraembryonic nutri- 

tion are usually nurse eggs or sibling embryos, not both 

as could be the case here. The only way to be accurate 
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Table 3 

Summary of the reproductive aspects of Crepidula aculaeata. Values represent mean + SD, numbers in parentheses 

indicate range. (n = represents number of measurements). 

Species Number of Capsule 

shell length capsules length Eggs per 

(mm) per female (mm) capsule 

C. aculeata Oe D Bie =a 38) serail 

DPSS AE BS) (4-19) (2-5) (12-65) 

(15-36) n= 51 n= 361 n= 57 

n = 62 

Egg 
diameter Hatchlings Hatchling length 

(2m) per capsule (jm) 

417 + 43 1B 56 118i; = 337 

(300-630) (4-20) (900-1170) 
n = 263 n=5 n= 8 

Crawling juvenile 

about these observations (besides collecting egg capsules 

at all stages of development and comparing the number 

of embryos per capsule between them) is to monitor live 

egg capsules throughout development, witnessing the in- 

gestion of one or both sources of food by the embryos. 

Another calyptraeid known to have both strategies (adel- 

phophagy and cannibalism) is Crucibulum auricula 

(Gmelin, 1791), reported by Miloslavich & Penchaszadeh 

(2001). 

The intracapsular veliger (Figure 3F) has a velum with 

black spots. It measures about 620 wm in shell length, 

and by the time the foot develops, it measures about 690 

wm in shell length (Figure 3G). This foot has a round and 

transparent operculum that measures about 227 wm in 

diameter. The pre-hatching embryo had no velum, a 

crawling foot, and measured about 860 wm in shell 

length. This shell is calcified, white, and has smooth ra- 

dial ribs (Figure 3H; Tables 2 and 3 for summary of de- 

velopment and reproductive aspects, respectively). Hatch- 

ing embryos were observed live. These were crawling 

juveniles with a shell measuring between 900 and 1170 

wm, which had less yolk reserves than the prehatching 

embryos; the foot had black pigmentation. Hoagland 

(1986) also reported that C. aculeata from Florida (Key 

Biscayne, Fort Pierce) hatches as a crawling veliger; how- 

ever, an interesting fact is that this author did not report 

nurse eggs or cannibalism in the Florida population. Oth- 

er than this important difference and the fact that the Ve- 

nezuelan population has a larger adult and hatchling shell 

length than the Florida population, the rest of the repro- 

ductive aspects are very similar (number of egg capsules 

per female, developing embryos per capsule, and egg di- 

ameter). 

Regarding the development of the operculum, a feature 

which is completely absent in all adult calyptraeids, Col- 

lin (2000b) mentioned that in the genus Crepidula direct 

developers do not develop this structure, which we clearly 

observed in the second veliger and hatching stages of C. 

aculeata, but most of the papers dealing with develop- 

ment in calyptraeids are very unspecific about this point. 

In this sense, direct and indirect developers have a very 

similar early development while encapsulated, and the 

fact that they have extraembryonic food sources allows 

the embryos to develop more structures while still in the 

egg capsule, and to reach larger sizes. 
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World Congress of Malacology 

Perth, Western Australia 

11-16 July 2004 

The next World Congress of Malacology will be held 

on the campus of The University of Western Australia, in 

Perth, Western Australia, the first such Congress in the 

Southern Hemisphere. The UWA campus, on the banks 

of the Swan River, is one of the most beautiful in Aus- 

tralia. The Congress will adopt the style of the last two 

highly acclaimed Congresses in Washington, D.C., USA 

(1998) and Vienna, Austria (2000). 

All aspects of the study of mollusks will be included. 

There will be contributed paper sessions and a special 

poster session with posters on display throughout the con- 

ference. Several major symposia are planned: Phylogeny 

The Veliger, Vol. 46, No. 3 

of mollusks; molluscan aquaculture and fisheries; ecology 

of mollusks; and special sessions on particular groups 

(such as bivalves) and other topics (such as conservation) 

are also planned or can be included. In addition, smaller 

symposia are being planned on nudibranchs, nonmarine 

mollusks, and laval development. There will also be a 

curators’ meeting. 

Three-star motel units and student accommodation will 

be available on the university campus, a walk of only a 

few minutes from the conference venue. Three star and 

higher accommodation is available in hotels 5 km or a 

10 minute taxi trip away from the conference venue. The 

university accommodation includes breakfast. Lunches 

will be at the conference on session days. There are a 

variety of restaurants just off campus. 

The registration fee for students will be substantially 

reduced. In addition, both Unitas Malacologica and the 

Malacological Society of Australasia will be offering 

travel support and student prizes. 

A choice of marine, nonmarine, and cultural excursions 

will be available during the conference. The Western 

Australian Museum’s collections will be available for ex- 

amination. Perth is served by nearly 20 international air- 

lines. 

Further information will be available on the websites 

of Unitas Malacologica (interim address) http://www. 

inter.nl.net/users/Meier.T/UM/um.html and the Malaco- 

logical Society of Australasia http://www.amonline.new/ 

au/malsoc as it becomes available. Alternatively, infor- 

mation can be obtained from 

Dr. Fred E. Wells 

Western Australian Museum 

1 Francis Street 

Perth 6000, Western Australia 

fred. wells @museum.wa.gov.au 

Phone: +61-8-9427-2809 

Fax: +61-8-9472-2882 
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Information for Contributors 

Manuscripts 

Manuscripts must be typed, one side only, on A4 or 
equivalent (e.g., 842” 11”) white paper, and double-spaced 

throughout, including references, figure legends, footnotes, 

and tables. All margins should be at least 25 mm wide. 
Number the pages. Text should be ragged right (i.e., not full 
justified). Avoid hyphenating words at the right margin. 
Manuscripts, including figures, should be submitted in trip- 
licate. The first mention in the text of the scientific name 
of a species should be accompanied by the taxonomic author- 
ity, including the year. Underline scientific names and other 
words to be printed in italics; no other manipulation of type 

faces is necessary on the manuscript. Metric and Celsius units 
are to be used. For aspects of style not addressed here, please 
see a recent issue of the journal. 

The Veliger publishes in English only. Authors whose first 
language is not English should seek the assistance of a col- 

league who is fluent in English before submitting a manu- 

script. 

In most cases, the parts of a manuscript should be as 
follows: title page, abstract, introduction, materials and 

methods, results, discussion, acknowledgments, literature 
cited, figure legends, footnotes, tables, and figures. The title 

page should include the title, authors’ names, and addresses. 

The abstract should be less than 200 words long and should 
describe concisely the scope, main results, and conclusions 
of the paper; it should not include references. An abstract 
should “show, not tell”; e.g., not “lengths were recorded” 

but “lengths ranged from 5.0 mm to 7.5 mm.” 

Literature cited 

References in the text should be given by the name of 
the author(s) followed by the date of publication: for one 

author (Phillips, 1981), for two authors (Phillips & Smith, 
1982), and for more than two (Phillips et al., 1983). 

The Literature Cited section should include all (and 

only) references cited in the text, listed in alphabetical order 

by author. No citation is needed when author and date are 
given only as authority for a taxonomic name. Each cita- 
tion must be complete, with all journal titles wnabbreviat- 
ed, and in the following forms: 

a) Periodicals: 

Hickman, C. S. 1992. Reproduction and development of 

trochacean gastropods. The Veliger 35:245-272. 

b) Books: 

Bequaert, J. C. & W. B. Miller. 1973. The Mollusks of 
the Arid Southwest. University of Arizona Press: Tuc- 

son. xvi + 271 pp. 

c) Composite works: 

Feder, H. M. 1980. Asteroidea: the sea stars. Pp. 117-135 
in R. H. Morris, D. P. Abbott & E. C. Haderlie (eds.), 

Intertidal Invertebrates of California. Stanford Univer- 
sity Press: Stanford, Calif. 

Tables 

Tables must be numbered and each typed on a separate 
sheet. Each table should be headed by a brief legend. Avoid 
vertical rules. 

Figures and plates 
Figures must be carefully prepared and submitted ready 

for publication. Each should have a short legend, listed on 

a sheet following the literature cited. Text figures should be 
in black ink and completely lettered. Keep in mind page 
format and column size when designing figures. Photo- 

graphs for halftone reproduction must be of good quality, 
trimmed squarely, grouped as appropriate, and mounted on 
suitably heavy board. Where appropriate, a scale bar may 
be used in the photograph; otherwise, the specimen size 
should be given in the figure legend. Photographs should 
be submitted in the desired final size. 

Clear xerographic copies of figures are suitable for re- 

viewers’ copies of submitted manuscripts. It is the author’s 
responsibility to ensure that lettering will be legible after 
any necessary reduction and that lettering size is appropriate 
to the figure. 

Use one consecutive set of Arabic numbers for all illus- 

trations (that is, Figures 1, 2, 3..., mot Figure la, 1b, Ic..., 

nor Plate: Vl, figal..). 

Processing of manuscripts 

Each manuscript is critically evaluated by at least two 
reviewers. From these evaluations the editor makes a pre- 
liminary decision of acceptance or rejection. The editor's 
decision and the reviewers’ comments are sent to the cor- 
responding author for consideration and further action. 
Unless requested, only one copy of the final, revised man- 
uscript needs to be returned to the editor. The author is 
informed of the final decision and acceptable manuscripts 
are forwarded to the printer. The author will receive proofs 
from the printer. One set of corrected proofs should be 
returned promptly to the editor after review. Changes other 
than the correction of printing errors will be charged to the 
author at cost. 

An order form for the purchase of reprints will accom- 
pany proofs. Reprints are ordered directly from the printer. 

Common errors of presentation 

The following errors of presentation or interpretation are 

so common (particularly in taxonomic manuscripts) that they 

are worth pointing out here. Attention to these points will 
increase a manuscript’s chances of acceptance: 

Do not confuse raw similarity (observational, objective) 
with phylogenetic relationship (inferential, interpretive). The 
term “affinity” should not be used when “similarity” or “phy- 
logenetic relationship” is meant. Avoid using “close” as an 

adjective denoting resemblance. 

A two-taxon statement, e.g., “[Taxon A] is closely relat- 

ed to [Taxon B]”, is meaningless. The minimal form of such 

statement with any significance is [Taxon A] and [Taxon B] 

are more closely related to each other than either is to [Taxon 

QhNer 

Do not refer to taxa as “advanced” (or “apomorphic”) or 

“primitive” (or “plesiomorphic”). Apomorphy and _ple- 

siomorphy are attributes of character-states, not of taxa 
(which are generally mosaics of apomorphies and_ple- 
siomorphies; cf. de Queiroz, K. 1988, Philosophy of Science 
55:238-259; O’Hara, R. J. 1992, Biology & Philosophy 
7:135-160). 

The formula “Xus (=Yus)” to designate synonymy is 

ambiguous; it is not clear whether the writer accepts Xus 
or Yus as the valid name. In the former case, write “Xus 

(synonym: Yus)” and in the latter write “Xus (correctly known 
» 

as Yus)”; or avoid the construction altogether. 

Authors’ contributions 

There are no mandatory page costs to authors lacking 
financial support. Authors with institutional, grant, or other 

research support will be billed for page charges at the rate 

of $50 per printed page (2.5 double-spaced manuscript pages 
normally equal one printed page). Authors who must pay 
from their personal funds will be billed at $20 per page. 
This request is made only after the publication of a paper; 
these contributions are unrelated to the acceptance or rejec- 

tion of a manuscript, which is entirely on the basis of merit. 
Because these contributions by individual authors are vol- 

untary, they may be considered by authors as tax-deductible 
donations to the California Malacozoological Society, Inc., 
to the extent allowed by law. Authors for whom even the 

$20 per page contribution would present a financial hard- 

ship should explain this in a letter to the editor. The edi- 

torial board will consider this an application for a grant to 

cover the publication costs. Authors whose manuscripts 

include very large tables of numbers or extensive lists of 

(e.g.) locality data should contact the editor regarding pos- 

sible electronic archiving of this part of their paper rather 

than hard-copy publication. 

Submitting manuscripts 

Send manuscripts, proofs, books for review, and corre- 

spondence on editorial matters to Dr. Barry Roth, Editor, 

745 Cole Street, San Francisco, CA 94117, USA. 
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Rissooidean Snails from the Pit River Basin, California 

ROBERT HERSHLER 

Department of Systematic Biology, Smithsonian Institution, PO. Box 37012, NHB W-305, MRC 163, 

Washington, D.C. 20013-7012, USA 

TERRENCE J. FREST 

DEIXIS Consultants, 2517 NE 65th Street, Seattle, Washington 98115-7125, USA 

HSIU-PING LIU 

Department of Biological Sciences, University of Denver, Denver, Colorado 80208, USA 

AND 

EDWARD J. JOHANNES 

DEIXIS Consultants, 2517 NE 65th Street, Seattle, Washington 98115-7125, USA 

Abstract. A recent field survey of the Pit River basin in northeastern California resulted in the discovery of numerous 

undescribed populations of aquatic rissooidean snails which are treated in this paper. Based on morphological study and 

analysis of mitochondrial DNA sequences we describe a new species of the genus Colligyrus (family Amnicolidae) and 

four new species of the genus Pyrgulopsis (Hydrobiidae). Phylogenetic analysis of sequence data suggests that the new 

species of Colligyrus is sister to an undescribed congener from the Klamath basin. The four new species of Pyrgulopsis 

do not form a monophyletic group but instead are variously related to other regional congeners. We also describe Pit 

River basin populations. of two species of Pyrgulopsis which were previously considered to be endemic to the north- 

western Great Basin (P. eremica) and Klamath basin (P. archimedis). 

INTRODUCTION 

Rissooidean snails are one of the richest elements of 

aquatic biota in the western United States, with more than 

170 species currently recognized, yet this fauna remains 

poorly known. Most of the previously described members 

of this fauna have been little studied and are in need of 

taxonomic revision. Existing collections document a large 

number of undescribed species, and discovery of addi- 

tional novelties is anticipated as large expanses of the 

West still have not been thoroughly surveyed for these 

small, nondescript, highly speciose animals. One little ex- 

plored region is the Pit River basin of northeastern Cal- 

ifornia and southeastern Oregon, which is the major head- 

waters tributary of the Sacramento River. The only ris- 

sooidean snails that have been previously reported from 

this basin in the taxonomic literature are two species of 

Fluminicola (Hydrobiidae). One of these, F. seminalis 

(Hinds, 1842), is now extirpated from much of its historic 

range but persists in a few large springs and streams (Tay- 

lor, 1981; Hershler & Frest, 1996) while the other, F. 

modoci Hannibal, 1912, lives in springs along the margin 

of Goose Lake (Hershler & Frest, 1996). Two of us re- 

cently surveyed aquatic habitats throughout the Pit River 

basin and discovered numerous previously unstudied pop- 

ulations of rissooidean snails (Frest & Johannes, 1993a, 

b, 1994, 1995, 1996, 1997), including six species of Pyr- 

gulopsis (Hydrobiidae), four of which are new. The other 

two congeners that were collected previously had been 

considered restricted to the Klamath (P. archimedis) and 

northwestern Lahontan (P. eremica) basins. A new spe- 

cies of Colligyrus, a small amnicolid genus previously 

known only from the Snake River basin and Great Basin 

of southeast Oregon (Hershler, 1999), also was discov- 

ered. All of this material is described herein. Inasmuch 

as species of freshwater rissooidean snails often are dif- 

ficult to ascertain on the basis of morphological criteria 

alone, we have augmented our treatments with analyses 

of mitochondrial DNA sequences. These analyses also 

enabled evaluation of the phylogenetic relationships of 

the species treated herein. In a subsequent paper we will 

describe the numerous populations of another genus, Flu- 

minicola, which were sampled during this survey. 

PIT RIVER BASIN 

The Pit River basin occupies about 17,000 km/, contains 

a complex drainage (Pease, 1965), and is largely situated 

on the Modoc Plateau in Lassen, Modoc, Shasta, and Sis- 

kiyou counties (Figure 1). The mainstem Pit River orig- 

inates near Alturas from the junction of two north-south 

streams, the North Fork and South Fork. These forks 
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drain the Warner Mountains, which form a western border 

of the California Great Basin. The North Fork also is the 

occasional outlet of the Goose Lake basin (Phillips & Van 

Denburgh, 1971) while the South Fork drains a small ba- 

sin to the north of the Madeline Plains. From Alturas the 

Pit River flows nearly westward across a minor gap which 

separates Warm Springs Valley (Canby area) from the 

north-south oriented basins to the east. Several large 

streams (e.g., Turner and Canyon creeks) enter the river 

PLUMAS CO. | 

Map of Pit River basin in northeastern California. Shaded polygons indicate portions of drainage shown in Figures 5, 9, 17. 

in this valiey. Farther downstream the Pit River courses 

nearly southward through a series of northwest-southeast 

trending mountain ridges (e.g., Horsehead Mountain, Fox 

Mountain) into a flat plain, Big Valley (vicinity of Adin 

to Bieber). Several large, spring-fed creeks (Ash Creek, 

Taylor Creek, Willow Creek) enter the river in this valley. 

Along the southwest corner of this valley the river enters 

a deep canyon, which abuts the Big Valley Mountains 

and other small ranges, and curves around the Big Bend 
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to assume a northwest-southeast orientation. The river 

then enters Fall River Valley where it is diverted into an 

adjacent northeast-southwest canyon formed in large part 

by several prominent peaks, including Chalk and Burney 

mountains. In the vicinity of Fall River Mills large north- 

south tributaries (Fall River on the north and Hat Creek 

to the south) augment the flow of the river. After exiting 

the downstream canyon section, the Pit River joins the 

McCloud and Sacramento rivers in Shasta Lake, north of 

Redding. 

Most of the Pit River watershed as_ traditionally 

mapped consists of ephemeral water bodies. There are 

few natural, permanent lakes and ponds. The relatively 

few permanent streams include Ash Creek, Burney Creek, 

Fall and Tule “rivers,” Hat Creek, Horse Creek, Lava 

“Creek,” Lost Creek, Potem Creek, Rising “River,” 

Rush Creek, Spring “Creek,” Squaw Creek, Turner 

Creek, and Willow Creek, which are generally spring-fed. 

(Those listed in quotes are outlets of large springs. Sim- 

ilarly, many of the drainage’s permanent “‘lakes”’ such as 

Big Lake, Baum Lake, Crystal Lake, Eastman Lake, Horr 

Pond, and Rising River Lake are large limnocrene 

springs.) The Pit River has steep canyon segments alter- 

nating with reaches that flow across flat plateaus and gen- 

erally dry lake beds. The former river segments have 

moderate to steep gradients, coarse substrate, cold and 

clear water, limited aquatic macrophytes, low nutrients, 

high dissolved oxygen, and swift flow. The latter have 

more fine sediment, slower flow, abundant macrophytes, 

and higher dissolved nutrient but lower dissolved oxygen 

concentrations. Much of the Pit River drainage originates 

as rapid snow melt-off or from groundwater discharge, 

predominantly in the form of cold springs, although warm 

springs also are present, most commonly in the larger 

valleys. Some of the largest springs in the United States 

are found in this drainage (Waring, 1915; Meinzer, 1927), 

including Lava Creek, Spring Creek, Sucker Springs 

Creek, Thousand Springs, and the springs associated with 

Ahjumawi Lava Springs State Park and MacArthur-Bur- 

ney Falls State Park. All of these are spring complexes 

(nasmodes) with one or more associated large limno- 

crenes (spring pools). Some of the larger springs are flow- 

ing rheocrenes, and these include several long spring runs 

issuing from a single spring (e.g., Bob Creek, Beaver 

Creek, Lost Creek). Springs typically originate from the 

edge of Pleistocene or Holocene basalt flows. 

A large portion of the Pit River flow in some areas is 

diverted for irrigation, and some of the canyon sections 

have small hydroelectric dams and impoundments. As a 

consequence of water development, several reaches of the 

Pit River have dried on a seasonal basis in recent years, 

effectively segmenting the river. Many of the springs have 

diversions or other modifications and are utilized by fish 

hatcheries and for irrigation and watering of livestock. 

MATERIALS AND METHODS 

Specimens used in this study are deposited at the National 

Museum of Natural History, Smithsonian Institution 

(USNM) and in the collections of Deixis Consultants, 

Seattle, Washington (DEIX). Snails were relaxed with 

menthol crystals, fixed in dilute (4%) formalin, and pre- 

served in 70% ethanol for morphological study; small 

subsamples were directly preserved in 90-95% ethanol 

for DNA analysis. Locality descriptions are followed by 

UTM coordinates (all from Zone 10), elevation, and lo- 

cality codes (for sequences used in the phylogenetic anal- 

yses). Collector abbreviations are as follows: TE Terrence 

J. Frest; EJ, Edward J. Johannes; JJ, James E. Johannes; 

JL, Jacquie S. Lee; JE Joseph L. Furnish; FM, Francis 

W. Mangels; SR, Stewart Reid; and LA, James J. Landye. 

Common names are proposed for each new species. 

Treatments of the Pit River snails in agency and consult- 

ing reports are detailed in the synonymy sections as an 

aid to those who seek to track this literature as it pertains 

to snail conservation issues. Counts, measurements, and 

other methods of morphological study follow Hershler 

(1998). Whorl counts and measurements of 10—15 adult 

shells (as indicated by the completion of the inner shell 

lip) were taken from one or more samples of each species. 

Unless otherwise specified, 8-10 radulae from a single 

sample were examined for each species. The small sizes 

of many of the samples precluded analysis of sexual di- 

morphism of shells. Morphological terminology largely 

follows that of Hershler & Ponder (1998). 

Genomic DNA was extracted from whole specimens 

for sequencing a partial segment of mitochondrial cyto- 

chrome-c oxidase subunit I (mtCOI) corresponding to 

Folmer’s fragment (Folmer et al., 1994). Methods gen- 

erally were those used by Liu et al. (2001). Forty-one 

new sequences were used in the phylogenetic analyses. 

Three sequences of one of the new species of Pyrgulopsis 

(from Sucker Springs Creek) were identical, and thus 

only one of these was submitted to GenBank. The new 

sequences were deposited under GenBank Accession 

Numbers AY196166—AY196175, and AY197577— 

AY 197605. Sequences for Pyrgulopsis archimedis (from 

Upper Klamath Lake) and the outgroups were previously 

submitted by us to GenBank (P. archimedis, AF520950; 

also see Hershler et al., 2003; Amnicola dalli, AF354769; 

Amnicola limosa, AF354768; Nymphophilus minckleyi, 

AF354771; also see Liu et al., 2001). 

Sequence divergences are reported as uncorrected p-dis- 

tance (Nei, 1987) and are interpreted within the context of 

a previously published study which showed that species of 

Tryonia (family Cochliopidae), another western North 

American freshwater rissooidean genus, differed from one 

another by >1.3% (Hershler et al., 1999). In order to ex- 

amine relationships between Pit River taxa and other mem- 

bers of the genera Colligyrus and Pyrgulopsis, phyloge- 

netic trees were generated using PAUP 4.08b (Swofford, 
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2002). For Colligyrus, both previously described congeners 

were included in the analysis while for Pyrgulopsis we 

sampled other regional representatives of this huge genus. 

Trees were rooted with other North American representa- 

tives of the groups of concern. For these preliminary anal- 

yses neighbor-joining (NJ) trees were generated based on 

TrN (Tamura & Nei, 1993) (Colligyrus) and HKY (Hase- 

gawa et al., 1985) (Pyrgulopsis) genetic distances. Model- 

test 3.06 (Posada & Crandall, 1998) was used to determine 

which model of DNA substitution best fit these data. Boot- 

strapping (Felsenstein, 1985) with 1000 replications was 

used to estimate branch support. 

TAXONOMY 

Shell measurements are given in Table 1; radular counts 

are summarized in Table 2. 

Superfamily RISSOOIDEA 

Family AMNICOLIDAE 

We follow Wilke et al. (2000, 2001) in treating the group 

composed of Amnicola and other genera which share its 

distinctive anatomical features (Hershler & Thompson, 

1988) as a family separate from the Hydrobiidae. 

Colligyrus Hershler, 1999 

Type Species: Hydrobia greggi Pilsbry, 1935; original 

designation. 

Diagnosis: The genus was diagnosed and discussed by 

Hershler (1999). 

Colligyrus convexus Hershler, Frest, Liu & 

Johannes, sp. nov. 

Canary duskysnail 

(Figures 2, 3, 4A, 5, 6) 

Lyogyrus n. sp. Frest & Johannes, 1993a:i1, 3, 30, 67 (fig. 

2), 68 (fig. 3A), 71 (table 1), 73 (table 2), 76 (table 3), 

78-89 (table 4), 101 (table 7).—Frest & Johannes, 

1993b:73, 93, 98, addendum p. 12.—Frest & Johannes, 

1994:18, 33 (fig. 2), 36 (table 1), 38 (table 2), 41 (table 

3), 43—48 (table 4), 56 (table 8).—Furnish et al., 1998: 

59.—Frest & Johannes, 1999:78. 

Lyogyrus n. sp. 3 [canary duskysnail]. USDA, 1993a: un- 

paginated (Appendix A, table [V-A-5).—Frest & Johan- 

nes, 1993b: 69, 89.—USDA, 1994c:398.—USDI, 1994: 

35306.—Furnish et al., 1997:6 (table 1), 7 (table 1), 8 

(table 1), 10 (table 2), 32 (Appendix C), 58—USDA, 
1998: unpaginated (Appendix C Species IV.37).—Frest 

& Johannes, 1999:12 (table 1), 77. 

Lyogyrus n. sp. 3. USDA, 1993a:TV-131 (table [TV-22).— 

USDA, 1993b:3 & 4-83.—Frest & Johannes, 1994: 

18.—USDA, 1994a:3 & 4-168 (table 3&4-27).— 

USDA, 1994b:B-160 (table B11-1)—USDA, 1994c:J2- 

74 (table J2-8f), J2-304.—USDA, 1994d:C-60 (table C- 

3).—Frest & Johannes, 1995:51.—Frest & Johannes, 

1996:47, 113, 135.—Furnish et al., 1998:23 (Appendix 

A), 27 (Appendix B), 43.—USDA, 1998:23, 30.—Frest 

The Veliger, Vol. 46, No. 4 

& Johannes, 1999:unpaginated (Table of Contents), 68, 

78, 80 (figs. 31, 32, Map 15).—USDA, 1999:103 (table 

2-2), 119 (table 2-8); 219, 395 (table C-3), 456 (table 

F-1).—USDA, 2000a:123 (table 2-2), 143 (table 2-8), 

173 (table 2-12), 324, 325, 326.—USDA, 2000b:30 (ta- 

ble C-3), 105 (table F-2)—USDA, 2001:Standards and 

Guidelines, 49 (table 1-1). 

Lyogyrus n. sp. 3 of Frest & Johannes (1993b). Frest & 

Johannes, 1994:18.—Frest & Johannes, 1995:68, 69. 

Lyogyrus n. sp. 1. Frest & Johannes, 1995:3, 36, 68, 69, F14 

(fig. 5), Fl6 (fig. 6A), T1 (table 1), T3 (table 2), T7 

(table 3), TIO—T31 (table 4), T61 (table 8), D12 (Ap- 

pendix D map).—Frest & Johannes, 1997:T1 (table 1), 

T3 (table 2), T7 (table 3), T10 (table 10).—Furnish et 

al., 1998:59.—Frest & Johannes, 2002:17 (fig. 4). 

Lyogyrus n. sp. 1 [canary duskysnail]. Frest & Johannes, 

1995:50. 

Lyogyrus n. sp. 3 Frest & Johannes, 1993 [canary dusky- 

snail]. Furnish et al., 1998:58. 

“Lyogyrus’ n. sp. 8 Frest & Johannes, in press. Frest & 

Johannes, 1999:68. 

“Lyogyrus” n. sp. 3. Frest & Johannes, 1999:77. 

Lyogyrus n. sp. 8 Frest & Johannes, in press [canary dus- 

kysnail]. Frest & Johannes, 1999:77. 

“Lyogyrus” n. sp. 8. Frest & Johannes, 1999:78. 

Etymology: Referring to the well rounded aspect of the 

teleoconch shell whorls. Common name refers to the yel- 

lowish color of the shell periostracum in this species. 

Diagnosis: Colligyrus convexus is smaller than its two 

congeners and is further distinguished by its highly con- 

vex teleoconch whorls and sinuate shell aperture. It dif- 

fers also in having relatively few cusps on the marginal 

radular teeth, a narrow posterior seminal receptacle, an 

elongate bursal duct, and little or no pallial component 

of the albumen gland. Colligyrus convexus resembles C. 

depressus Hershler, 1999, in shell form, although the for- 

mer has a taller spire. 

Description: Shell (Figures 2A, B, 4A) 1.36—-1.96 mm 

tall, SW/SL 84—-101%, AL/SL 48-57%, whorls 3.0—3.5. 

Periostracum light tan or yellow. Protoconch (Figure 2E, 

F) markedly tilted, about 1.5 whorls, diameter about 440 

zm, sculptured with numerous, evenly spaced narrow spi- 

ral lines. Teleoconch whorls evenly rounded, usually 

shouldered, sutures impressed, weak spiral striae often 

present on body whorl. Aperture ovate, slightly angled 

adapically. Inner lip slightly thickened, usually complete 

and narrowly adnate across parietal wall, sometimes nar- 

rowly disjunct; columellar lip sometimes reflected to form 

narrow shelf. Outer lip slightly thickened, prosocline, of- 

ten strongly sinuate. Shell broadly umbilicate. 

Outer (Figure 2C) and inner (Figure 2D) sides of oper- 

culum smooth. 

Radula (Figure 2G) about 920 X 62 wm, with about 145 

well formed rows of teeth. Central teeth (Figure 2H) about 

20 wm wide; cutting edge straight or slightly convex, cen- 

tral cusp pointed, outer basal cusp often weakly developed. 

Basal tongue of central tooth V-shaped, base shorter than 

lateral margins, lateral margins distally expanded. Central 
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Table | 

Shell parameters. Ranges are followed by means and standard deviations. WH, total number of shell whorls; SL, shell 

height; SW, shell width; LBW, body whorl height; WBW, body whorl width; AL, aperture height; AW, aperture width. 

Species WH SL SW LBW WBW AL AW 

Colligyrus convexus 

holotype 3.00 1.52 1.40 1.40 1.12 0.76 0.78 
USNM 1004536 3.0—3.25 1.42-1.78 1.32-1.56 1.22-1.42 1.08—1.29 0.79—0.90 0.73-0.85 

n= 13 BES ES, 1.46 1.30 1.19 0.85 0.79 

0.13 0.095 0.073 0.057 0.054 0.035 0.041 

Pyrgulopsis archimedis 

USNM 874369 4.50-5.25 3.94—5.66 2.88-3.64 2.98—3.97 2.41-3.33 1.73-2.26 1.60—2.06 

n= 13 4.83 4.58 3.11 3.33 2.70 1.99 LF 

0.30 0.49 0.22 0.27 0.28 0.16 0.15 

USNM 892182 4.50-5.25 4.04—5.22 2.90-3.47 2.92-3.72 2.53-3.11 1.70-2.19 1.45—-1.85 

n= 12 4.77 4.49 Bus S45) DS 1.94 1.65 

0.25 0.35 0.17 0.25 0.17 0.17 0.12 

USNM 892186 4.75-5.50 4.40-5.19 2.92-3.27 3.18-3.74 2.71-3.10 1.82—2.12 1.64—-1.87 

n=9 5.00 4.86 3.08 3.50 2.85 2.00 Naa 

0.22 0.28 0.12 0.16 0.11 0.093 0.078 

USNM 1004548 4.75-5.75 4.04—5.85 2.73—3.54 2.79-3.88 2.34-3.21 1.60—2.23 1.43—1.90 

n= 13 5.27 4.74 3.00 3.19 2.65 1.90 1.63 

0.26 0.53 0.25 0.31 0.25 0.17 0.12 

Pyrgulopsis eremica 

USNM 1004528 4.00—4.25 2.16—2.37 1.46-1.65 1.58-1.82 1.32-1.51 0.88-1.05 0.80—0.94 

n= 12 4.17 228 1.55 1.65 1.38 0.97 0.84 

0.12 0.055 0.056 0.062 0.053 0.043 0.038 

Pyrgulopsis rupinicola 

holotype 5.00 4.72 2.92 32 2.68 1.80 1.60 

USNM 1004526 4.50-5.25 3.59—4.72 2.35-3.12 2.61-3.19 2.14—2.79 1.56—-1.94 1.33-1.73 

n= 11 4.84 4.04 Dri 2.87 2.44 1.74 1.53 

0.26 0.31 0.23 0.18 0.19 0.14 0.11 

Pyrgulopsis falciglans 

holotype 4.00 2.30 ESD, 1.58 1.34 0.92 0.86 

USNM 1004606 4.00—4.75 2.30-2.71 1.58-1.81 1.68—1.96 1.34—1.64 0.92-1.16 0.85—1.02 

n= 10 4.45 2.47 1.69 1.82 1.51 1.04 0.93 

0.20 0.14 0.078 0.097 0.088 0.071 0.055 

Pyrgulopsis cinerana 

holotype 4.75 3.28 2.20 2.40 1.96 1.36 1.16 

USNM 1004544 4.25-5.00 2.96—4.85 2.05—3.07 2.24-3.51 1.79-2.84 1.34-1.97 1.14—1.62 

n= 11 4.61 3.42 2.36 2.58 2.08 152 1.30 

0.23 0.54 0.29 0.35 0.29 0.18 0.15 

Pyrgulopsis lasseni 

holotype 4.25 2.24 1.34 [52 1.16 0.88 0.82 

USNM 1004531 *4.25—4.75 2.06-2.58 1.31-1.74 1.41-1.89 1.10-1.41 0.82-1.16 0.73—1.05 

n= I 4.53 Ds 1.48 1.62 1.25 0.95 0.85 

0.079 0.20 0.13 0.14 0.097 0.10 0.086 

USNM 1004533 *4.00-—5.00 2.00—2.81 1.41—1.80 1.56—2.02 1.18-1.57 0.89-1.27 0.81—1.06 

n= 13 4.42 237) 1.58 1.75 1.34 1.04 0.92 

0.29 0.24 0.11 0.14 0.11 0.11 0.074 

* Whorls not counted for one specimen with an eroded apex. 

cusp of lateral tooth (Figure 21) pointed; outer wing well Efferent ctenidial vessel elongate. Ctenidial filaments 

flexed, length about 200% of tooth face length. about 15, narrow, lateral surfaces without ridges. Osphra- 

Animal generally pale. Pallial roof sometimes having dium large, ovate, centrally positioned along ctenidium. 

transverse pigment streaks. Visceral coil with grey dust- Renal organ with small pallial section. Style sac about as 

ing on dorsal surfaces of stomach and digestive gland. long as remaining portion of stomach, stomach without 
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Table 2 

Radular cusp counts. Data for P. archimedis are from three samples. 

Central tooth Lateral tooth : ; 
Inner marginal Outer marginal 

Species lateral cusps basal cusps inner cusps outer cusps tooth tooth 

Colligyrus convexus 5-7 1-2 2-3 3-4 19-23 15-19 

Pyrgulopsis archimedis 2-6 ] 3—4 3-5 17-29 14-31 

P. rupinicola 4-5 1-2 3 4-6 18-21 17-21 

P. eremica 5-9 | 3-4 4-5 21-26 24-33 

P. falciglans 5-6 | 3-4 4-5 22-29 27-35 

P. cinerana 4-6 1 2-3 3-5 17-24 24-34 

P. lasseni 5-8 | 3-4 3-5 21-23 27-31 

posterior caecum. Rectum forming weak furrow on cap- 

sule gland. 

Testis 1.0 whorl, of compound lobes, overlapping stom- 

ach anteriorly. Seminal vesicle a small mass of thick coils. 

Prostate gland (Figure 3A) broadly ovate, almost entirely 

visceral, ventral section appearing nonglandular in dissec- 

tion. Visceral vas deferens opening to prostate gland well 

behind posterior pallial wall; pallial vas deferens opening 

a little behind anterior edge of prostate gland in front of 

pallial wall, duct nearly straight. Penis (Figure 3B) medi- 

um-sized, squat base abruptly tapering; filament much lon- 

ger than base, narrow, gently tapering; lobe narrowly rect- 

angular, gently tapering, arising from base. 

Ovary 0.5 whorl, a simple sac containing five to six 

oocytes, abutting posterior edge of stomach. Distal female 

genitalia shown in Figures 3C, D. Renal oviduct a single 

posterior-oblique or horizontal loop, slightly overlapped 

by albumen gland. Bursa copulatrix small, ovate or sub- 

globular, horizontal to transverse, partly overlapped by 

albumen gland. Bursal duct longer than bursa copulatrix, 

narrow to medium width, shallowly imbedded in albumen 

gland. Posterior seminal receptacle about as long as bursa 

copulatrix, finger-shaped, overlapping anterior portion of 

bursa copulatrix. Anterior seminal receptacle small, glob- 

ular. Albumen gland with very short pallial section; cap- 

sule gland slightly shorter than albumen gland, entirely 

pallial, composed of two glandular units. Spermathecal 

duct distally expanded. Genital opening broad, terminal. 

Type material: Holotype (Figure 4A), USNM 1004535, 

Lava Creek at and west of Island Road bridge near mouth 

to Eastman Lake, Lava Creek Ranch, north side of The 

Island, about 8.3 km north of Glenburn, Shasta County, 

California (626,720E; 4,551,820N; 1007 m), 18 August 

1991, TE EJ, and JJ. Paratypes (from same lot), USNM 

1004536, DEIX 3147, DEIX 3167. 

Other material examined: CALIFORNIA. Shasta 

County: USNM 1004534, north side of Pit River south 

of FS 50 at Camp Nine Flat, about 1.8 km west of Rock 

Creek (607,670E; 4,539,780N; 743 m), October 21 1994, 

TF and EJ.—USNM 1004537, DELX 3187, west side of 

Rising River at Schmidt Ranch, downstream of bridge of 

Cassel Road, about 2.4 km south of Cassel (622,405E;: 

4,528,400N: 972 m), 27 September 1996, TE EJ, and 

JL.—USNM_ 1004538, DEIX 3148, Baum Lake (im- 

poundment of Hat Creek) east of a boat ramp, northeast 

of parking lot of Baum Lake Public Fishing Access off 

Hat Creek Powerhouse Road, northwest of Crystal Lake 

State Hatchery, north of Cassel (622,440E; 4,532,280N; 

908 m), 30 August 2001, TF and EJ—USNM 1004539, 

DEIX 3188, Burney Creek at Falls Trail bridge, about 80 

m upstream of Burney Falls, McArthur-Burney Falls Me- 

morial State Park (613,420E; 4,540,640N; 881 m), 25 

September 2001, TF and EJ.—USNM 1004540, DEIX 

3189, Burney Creek above footbridge, about 0.48 km be- 

low Burney Falls, McArthur-Burney Falls Memorial State 

Park (613,360E; 4,541,140N; 841 m), 30 September 

2001, TF and EJ—USNM 1005153, DEIX 3186, spring 

source, Fall River, 21 September 2001, TF and EJ. 

Distribution: Fall River, Hat Creek and lower Burney 

Creek drainages of the Pit River basin (Figure 5). Snails 

were collected from limnocrenes and hyporheic streams 

and were most abundant on the undersides of cobbles and 

boulders in shallow to moderate depths, especially in ar- 

eas lacking macrophytes or dense epiphyte cover. Colli- 

gyrus convexus was often found in association with the 

Shasta crayfish, Pacifastacus fortis (Faxon, 1914). 

Remarks: MtCOI sequences from four populations of C. 

convexus formed a strongly supported (97%) clade whose 

sister relationship with an undescribed species from the 

Figure 2. Colligyrus convexus Hershler, Frest, Liu & Johannes, sp. nov., shells, operculum, and radula, USNM 

1004536, Lava Creek, Shasta Co., California. A, B. Shells. C. Outer side of operculum. D. Inner side of operculum. 

E. Shell apex. E Close up of apex showing protoconch sculpture. G. Radula. H. Detail of central teeth. I. Detail of 

lateral teeth. Scales: A = 300 wm; B = 200 pm; C-F = 100 pm; G, I = 10 pm; H = 3 pm. 
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Figure 3. Genitalia of Colligyrus convexus Hershler, Frest, Liu & Johannes, sp. nov., USNM 1004536. A. Prostate gland. B. Penis. 

C. Oviduct. D. Sperm pouches. Scales = 250 wm. ag = albumen gland, asr = anterior seminal receptacle, bu = bursa copulatrix, cg 

= capsule gland, dag = duct to albumen gland, gl = tubular gland of penis, pl = penial lobe, psr = posterior seminal receptacle, pvd 

= pallial vas deferens, ro = renal oviduct, sd = spermathecal duct, vvd =visceral vas deferens. 

Klamath basin also was well supported (91%) (Figure 6). 

Sequence divergence among these four populations was 

only 0.0—0.50% (= 3 bp differences) while these differed 

from C. depressus, C. greggi, and the undescribed species 

from the Klamath basin by 7.8-8.2%, 10.0-11.2%, and 

3.8—4.2%, respectively. Colligyrus convexus is a Record 

of Decision (ROD) Survey and Manage species on cer- 

tain public lands (USDA, 1994d) 

Family HyDROBIIDAE 

Pyrgulopsis Call & Pilsbry, 1886 

Type species: Pyrgula nevadensis Stearns, 1883; original 

designation. 

Diagnosis: The genus was recently diagnosed and dis- 

cussed by Hershler (1994) and Thompson & Hershler 

(2002). 

Pyrgulopsis archimedis Berry, 1947 

Archimedes pyrg 

(Figures 7—10) 

Pyrgulopsis archimedis Berry, 1947:76, pl. 7: fig. 6.—Her- 

shler, 1994:17-18, figs. 4a, 8a—c, 32c, 43c. 

Pyrgulopsis intermedia (Tryon, 1865). Frest & Johannes, 

1993a:ii, 3, 8, 71 (table 1), 73 (table 2), 76 (table 3), 

101 (table 7).—Frest & Johannes, 1994:18, 36 (table 1), 

38 (table 2), 41 (table 3), 56 (table 8). (All non Tryon, 

1865). 

Pyrgulopsis intermedia (Tryon, 1865) [Crooked Creek 
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Figure 4. Holotypes (dried shells) of new species described in this paper. A. Colligyrus convexus Hershler, Frest, Liu & Johannes, sp. 

nov., USNM 1004535. B. Pyrgulopsis rupinicola Hershler, Frest, Liu & Johannes, sp. nov., USNM 892187. C. Pyrgulopsis falciglans 

Hershler, Frest, Liu & Johannes, sp. nov., USNM 1004605. D. Pyrgulopsis cinerana Hershler, Frest, Liu & Johannes, sp. nov., USNM 

1004543. E. Pyrgulopsis lasseni Hershler, Frest, Liu & Johannes, sp. nov., USNM 1004532. Scales = 1.0 mm. 

springsnail]. Frest & Johannes, 1993a:29. (non Tryon, 

1865). 

Pyrgulopsis intermedia. Frest & Johannes, 1993a:67 (fig. 2), 

78-89 (table 4).—Frest & Johannes, 1994:19, 33 (fig. 

2), 43-48 (table 4). (All non Tryon, 1865). 

Pyrgulopsis n. sp. 1 [Pit River springsnail]. Frest & Johan- 

nes, 1995:51. 

Pyrgulopsis n. sp. 1. Frest & Johannes, 1995:70, F14 (fig. 

5), T1 (table 1), T3 (table 2), T7 (table 3), T1O-T31 

(table 4), T61 (table 8), D10 (Appendix D map).—Frest 

& Johannes, 1997:T1 (table 1), T3 (table 2), T7 (table 

3). 

Pyrgulopsis n. sp. 1 Frest & Johannes, 1995. Frest & Jo- 

hannes, 1997:T10 (table 10). 

Revised diagnosis: Shell medium-large (up to 7.16 mm 

tall), variably shaped, teleoconch whorls near flat to mod- 

erately convex, sometimes angulate or prominently 

keeled basally. Penial ornament a variably oriented ter- 

minal gland; short, basally positioned penial gland; and 

stalked ventral gland. 

Description (of Pit River basin material): Shell (Fig- 

ures 7C, D) broad- to narrow-conic, 2.48—7.16 mm tall, 

SW/SL 59-75%, AL/SL 39-48%, whorls 4.0—5.75. Per- 

iostracum brown or tan. Protoconch 1.25—1.30 whorls, 

diameter about 430 pm, smooth or weakly wrinkled at 

apex. Teleoconch whorls slightly to moderately convex, 

usually evenly rounded but sometimes wider above, 

shoulders absent or narrow, sometimes sculptured with 

numerous weak spiral threads. Aperture ovate, angled 

above. Inner lip usually thin and adnate, sometimes in- 

complete across parietal wall, sometimes narrowly dis- 

junct in large specimens; columellar lip rarely thickened 

and having narrow shelf. Outer lip usually thin, orthocline 

or weakly prosocline. Umbilicus absent to perforate. 

Outer side of operculum shown in Figure 7E. Attach- 

ment scar margin sometimes slightly thickened near nu- 

cleus; inner side sometimes having narrow rim along out- 

er edge (Figure 7F). 

Radula (Figure 7G) 800-900 x 125-150 wm, with 

about 42 well formed rows of teeth. Central teeth (Figure 

7H) about 48 wm wide; cutting edge weakly concave; 



Figure 5. Map showing distribution of Colligyrus convexus 

Hershler, Frest, Liu & Johannes, sp. nov. 

outer basal cusp very small, sometimes incompletely de- 

veloped. Basal tongue broadly rounded, almost U-shaped, 

base about even with distal ends of lateral margins, lateral 

margins proximally broad. Central cusp of lateral tooth 

(Figure 71) hoelike, outer wing near straight to moderate- 

ly flexed, length 200% length of tooth face. Inner mar- 

ginal tooth with narrow, weakly developed wing on inner 

side. Outer marginal tooth with well developed rectan- 

gular wing on outer side. 

Animal darkly pigmented. Cephalic tentacles light to 

medium brown, dorsal sides sometimes having narrow, 

pale zone centrally. Snout dark brown. Pallial roof, vis- 

ceral coil dark brown or black. Penial filament darkly 

pigmented along most of length. 

Efferent ctenidial vessel short. Ctenidial filaments 28, 

well developed, lateral surfaces ridged. Osphradium 

small, narrow, positioned posterior to middle of ctenid- 

ium. Renal organ with short pallial section. Style sac a 

little longer than remainder of stomach; stomach with 

prominent triangular posterior caecum. Rectum forming 

furrow on capsule gland. 
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Amnicola limosa 

— 0.01 substitutions/site 

Figure 6. Phylogram from NJ distance analysis of mtCOI se- 

quences of Colligyrus species and two outgroups (Amnicola). 

Bootstrap values = 50% are given. BL = Baum Lake, Pit River 

basin, Shasta Co., California. BR = Saint Charles Spring, Bear 

Lake basin, Bear Lake Co., Idaho. CL = Oak Grove Fork, Clack- 

amas River, Willamette basin, Clackamas Co., Oregon. KL = 

Link River, Klamath basin, Klamath Co., Oregon. MBa = Bur- 

ney Creek (at Falls Trail bridge), Pit River basin, Shasta Co., 

California. MBb = Burney Lake (above footbridge), Pit River 

basin, Shasta Co., California. SN = springs, Cliff Creek, upper 

Snake River basin, Sublette Co., Wyoming. SRa = second spring 

south of Turner Ranch, Silvies River basin, Harney Co., Oregon. 

SRb = third spring south of Turner Ranch, Silvies River basin, 

Harney Co., Oregon. TS = Fall River (spring source), Pit River 

basin, Shasta Co., California. 

Testis 2.0 whorls, very large, of >10 compound lobes, 

overlapping stomach to edge of style sac. Seminal vesicle 

of a few, thick coils. Prostate gland (Figure 8A) ovate or 

bean-shaped, with short pallial section. Visceral vas de- 

ferens opening anteriorly a little behind posterior pallial 

wall; pallial vas deferens opening near middle of prostate 

gland; duct with proximal kink. Penis (Figures 8B—E) me- 

dium-sized to large; base rectangular, weakly folded 

along inner edge; filament short, narrow, tapering, hori- 

zontal; lobe short, rectangular, horizontal or slightly 

Figure 7. Pyrgulopsis archimedis, shells, operculum, radula. A Shell, USNM 874887, Klamath Lake, Klamath 

Co., Oregon. B. Shell, USNM 1006053, 5th spring, Link River, Klamath Co., Oregon. C. Shell, USNM 874365, 

Fall River, Shasta Co., California. D. Shell, USNM 874369, Baum Lake, Shasta Co., California. E. Outer side of 

operculum, USNM 874365. E Inner side of operculum, USNM 874365. G. Radula, USNM 874365. H. Detail of 

central teeth, USNM 874365. I. Detail of lateral and inner marginal teeth. Scales: A, B = 200 pm; C—E = 1.0 mm; 

F = 500 pm; G = 100 pm; H, I = 20 pm. 
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Figure 8. Genitalia of Pyrgulopsis archimedis. A. Prostate gland, USNM 874365. B-E. Penes, USNM 874369. E Oviduct, USNM 

874365. G. Bursa copulatrix. H. Seminal receptacle. Scales: A = 250 1m; B—H = 500 pm. ag = albumen gland, bu = bursa copulatrix, 

cg = capsule gland, pf = penial filament, pl = penial lobe, pvd = pallial vas deferens, rf = rectal furrow, ro = renal oviduct, sr = 

seminal receptacle; tg = terminal gland, vc = ventral channel of oviduct, vvd = visceral vas deferens. 

oblique. Terminal gland well developed, ovate (Figure sitioned near inner edge a little behind filament, borne on 

8C) to elongate (Figure 8E), transverse to oblique. Penial weak stalk, sometimes accompanied by second, dotlike 

gland short, slightly narrower than filament, basally po- unit. 

sitioned on filament. Ventral gland well developed, po- Ovary 0.5 whorl, of four simple lobes, abutting pos- 
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Figure 9. Map showing distribution of Pyrgulopsis archimedis, P. eremica, and P. rupinicola Hershler, Frest, Liu & Johannes, sp. 

nov. in the Pit River basin. 

terior edge of stomach. Distal female genitalia shown in 

Figure 8E Renal oviduct a single, large, horizontal or pos- 

terior-oblique loop, kinked anteriorly. Bursa copulatrix 

(Figure 8G) small or medium-sized, narrow ovate to 

hatchet-shaped, horizontal or oblique, slightly overlapped 

by albumen gland. Bursal duct short to slightly longer 

than bursa copulatrix, narrow, superficial or shallowly 

embedded in albumen gland. Seminal receptacle (Figure 

8H) smaller than bursa copulatrix, finger-shaped, overlap- 

ping anterior section of bursa copulatrix, duct short to 

fairly long. Albumen gland entirely visceral or with very 

short pallial section; capsule gland a little shorter than 

albumen gland, composed of two glandular units. Genital 

Opening broad, subterminal. 

Material examined: CALIFORNIA. Shasta County: 

USNM 874365, DEIX 3190, Fall River at Caltrout Public 

Fishing Access Area just east of Island Road bridge, 

south of The Island, north of Glenburn (626,700E; 

4,549,500N; 1007 m), 18 August 1991, TE EJ and JJ.— 

USNM 894699, DEIX 3191, ibid., 16 August 2000, TF 

and EJ.—USNM 1004545, DEIX 3192, spring source, 

Fall River, 1 September 2001, TF and EJ.—USNM 

1004542, DEIX 3193, Big Lake Springs west spring pool, 

north end of Big Lake, Ahjumawi Lava Springs State 

Park (633,640E; 4,554,560N; 1007 m), 27 September 

2001, TF and EJ.—USNM 892182, DEIX 3194, Lava 

Creek about 60 m west of Island Road bridge, Lava Creek 

Ranch, north side of The Island, about 8.4 km north of 

Glenburn (626,620E; 4,551,960N; 1007 m), 29 Septem- 

ber 1996, TE EJ and JL-—USNM 1004546, DEIX 3195, 

Ja She Creek on southeast side of bridge of Lava Springs 

Rim Trail, Ahjumawi Lava Springs State Park (629,680E; 

4,552,170N; 1007 m), 26 September 2001, TF and EJ.— 

USNM 1005052, DEIX 3177, Eastman Lake on northeast 

side, at Lava Creek Lodge (627,120E; 4,551,740N; 1006 

m), 25 July 2002, TF and EJ—USNM 892183, DEIX 

3144, three unnamed springs on point opposite large is- 

land in Pit River (northeast side), about 805 m northwest 

of CA 299 bridge across Pit River (621,680E; 

4,537,580N; 840 m), 12 September 1993, TF and EJ.— 

USNM 1004548, DEIX 3196, Pit River on southeast side 

of CA 299 bridge near (upstream of) confluence of Hat 
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Creek, Pacific Gas & Electric public fishing access 

(622,340E; 4,537,400N; 840 m), 29 September 2001, TF 

and EJ.—USNM 874044, Pit River above confluence of 

Hat Creek, 16 May 1978, LA.—USNM 874367, DEIX 

3172, Crystal Lake at southwest end off Hat Creek Pow- 

erhouse Road, about 1.0 km west of Crystal Lake State 

Fish Hatchery (621,140E; 4,532,360N; 910 m), 17 Au- 

gust 1991, TE EJ and JJ—USNM 892186, DEIX 3197, 

center of west side of Crystal Lake (621,060E; 

4,532,400N; 910 m), 27 September 1996, TE EJ and 

JL.—USNM 892185, DEIX 3198, Crystal Lake Chara 

marsh about 60—150 m south of source springs, on west 

side of lake (621,020E; 4,532,430N; 910 m), 27 Septem- 

ber 1996, TE EJ and JL.—USNM 874046, Hat Creek at 

Hat Creek Park, 16 May 1978, LA.—USNM 892184, 

DEIX 3200, Rising River on west side at Schmidt Ranch, 

downstream (west of) bridge of Cassel Road, about 2.4 

km south of Cassel (622,405E; 4,528,400N), 27 Septem- 

ber 1996, TE EJ and JL.—USNM 874369, DEIX 3173, 

Baum Lake (impoundment of Hat Creek) just offshore 

from a boat ramp, north of parking lot of Baum Lake 

Public Fishing Access, off Hat Creek Powerhouse Road, 

northwest of Crystal Lake State Hatchery, north of Cassel 

(622,400E; 4,532,260N; 908 m), 17 August 1991, TE EJ 

and JJ. 

Distribution: Collections from the Pit River drainage 

(Figure 9) extend the range of this species, which previ- 

ously was known only from the Klamath basin. Pit River 

sites consist of springs, streams, and lotic habitats, with 

snails typically found on mud substrate. 

Remarks: The Pit River populations that we assign to P. 

archimedis differ from previously described material of 

this species which has a narrower shell, shorter body 

whorl, and nearly flat teleoconch whorls sculptured with 

a well developed basal keel (Figure 7A). Shells from one 

of the populations distributed along the Link River (the 

outlet of Klamath Lake) are somewhat intermediate in 

appearance in that they lack a peripheral keel, but have 

rather flat, sometimes basally angulate teleoconch whorls 

(Figure 7B). Klamath basin populations live in Klamath 

Lake and springs that are occasionally or permanently 

submerged under this lake or its outlet (Frest & Johannes, 

1998, 2000) while Pit River basin snails inhabit (more 

typical) springs and streams. Despite these differences, 

conspecificity is strongly supported by mtCOI data se- 

quences, which indicate that individuals from seven Pit 

River basin populations are nearly identical to each other 

(0.0—0.17% divergence; O—1 bp differences) and to four 

specimens from the Klamath basin, including one speci- 

men of typical P. archimedis (0.17-—0.34%,; 1-2 bp dif- 

ferences). (We subsequently analyzed a second specimen 

of typical P. archimedis and observed no sequence vari- 

ation in either this gene or the two discussed below.) 

These 11 populations formed a strongly supported 

(100%) clade which was sister to an undescribed species 

from the Klamath basin (Figure 10); members of these 

two clades differed from one another by 2.42—2.89% se- 

quence divergence. Our unpublished mitochondrial 

NADH dehydrogenase subunit I (mtNDI) and 16S ribo- 

somal RNA (mtl6S) sequences yielded similar results. 

(These correspond to positions 5896-6478 and 5072— 

5576 in homologous sequences of Littorina saxatilis [Oli- 

vi, 1792]; GenBank AJ132137.) Sequence divergence 

ranged from 0.0—0.5% and 0.0—0.2% among seven Pit 

River basin samples of P. archimedis for mtNDI and 16S, 

respectively; and from 0.0—0.34% and 0.0—0.8% between 

these samples and those from the Klamath basin which 

are attributed to this species. 

We rely heavily on our DNA sequence data in allocat- 

ing Pit River basin material to P. archimedis, but note 

that the morphological and ecological differences be- 

tween the geographically separated Pit River and Klamath 

basin imply evolutionary differentiation and suggest a 

need for further study (e.g., sequencing of a nuclear gene 

and of more specimens from each population). Shell 

sculptural polymorphism in rissooidean snails was pre- 

viously reported by Davis et al. (1995), who provided 

allozyme evidence suggesting that while smooth- and 

ribbed-shelled populations of Oncomelania hupensis 

Gredler, 1881 (family Pomatiopsidae) were somewhat 

differentiated, they nonetheless conformed to the concept 

of a single broadly distributed, polytypic species (also see 

Davis & Ruff, 1973). Hybridization experiments have 

demonstrated that this ribbing is controlled by a single 

gene (Davis, 1994). Note, however, that shell variation 

among the populations that we treat as P. archimedis is 

more complex than in O. hupensis (e.g., a basal keel and 

flattened shell whorls probably represent separate char- 

acters; Hershler & Ponder, 1998:5). 

The smooth-shelled Pit River populations resemble P. 

intermedia (Tryon, 1865), which was recorded in this wa- 

tershed by Taylor (1985: 308-309) in a biogeographic 

paper (although specimen and locality details were not 

included therein). Pyrgulopsis intermedia differs from P. 

archimedis in having a larger penial gland, pigmented 

coiled oviduct, and a smaller, more ventrally positioned 

seminal receptacle (Hershler, 1994). Sequences of P. ar- 

chimedis ditfer from those of P. intermedia by 5.95— 

6.43%. Phylogenetic analysis of mtCOI data indicates 

that P. intermedia is not closely related to P. archimedis, 

but instead is sister to P. hendersoni (Pilsbry, 1933), 

which also lives in southeast Oregon (Figure 10). Our 

data suggest that P. intermedia is not widely distributed 

but instead is restricted to its type locality area in the 

Owyhee Desert of southeastern Oregon. 

Pyrgulopsis rupinicola Hershler, Frest, Liu & 
Johannes, sp. nov. 

Sucker Springs pyrg 

(Figures 4B, 9-12) 

Pyrgulopsis n. sp. 2 [Willow Creek springsnail]. Frest & 

Johannes, 1995:51 [in part]. 
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Figure 10. Phylogram from NJ distance analysis of mtCOI se- 

quences of Pyrgulopsis species of the Pit River basin, other re- 

gional congeners, and one outgroup (Nymphophilus). Bootstrap 

values =50% are given. AC = Ash Creek, Pit River basin, Las- 

sen Co., California. AH = Big Lake Springs, Pit River basin, 

Shasta Co., California. BL = Baum Lake, Pit River basin, Shasta 

Co., California. BS = Big Springs at Bonanza, Klamath basin, 

Klamath Co., Oregon. ELa = Troxel Point Spring, Honey-Eagle 

Lakes basin, Lassen Co., California. ELb = Murrers Upper 

Meadow, Honey-Eagle Lakes basin, Lassen Co., California. FRa 

= Fall River (Caltrout Access), Pit River basin, Shasta Co., Cal- 

ifornia. FRb = spring source, Fall River, Pit River basin, Shasta 

Co., California. HC = spring west of Russell Dairy Spring, Pit 

River basin, Lassen Co., California. HL = Hughet Spring, Har- 

ney-Malheur Lakes, Harney Co., Oregon. JS = Ja She Creek, Pit 

River basin, Shasta Co., California. KLa = 5th Link River 

spring, Klamath basin, Klamath Co., Oregon. KLb = 7th Link 

River spring, Klamath basin, Klamath Co., Oregon. LO = Lost 

River near Horsefly Irrigation District, Klamath basin, Klamath 

Co., Oregon. MA = spring at South Fork (Malheur River) Res- 

ervoir, middle Snake River basin, Malheur Co., Oregon. OWa = 

Crooked Creek, Hwy 95 crossing, middle Snake River basin, 

Malheur Co., Oregon. OWb = Crooked Creek Spring State Way- 

side, middle Snake River basin, Harney Co., Oregon. PR = Pit 

River at confluence with Hat Creek, Shasta Co., California. SC 

= Smokey Charley Spring, Modoc Co., California. SM = spring 

west of Soldier Meadow Ranch, Black Rock Desert, Humboldt 

Co., Nevada. SP = Sprague River north of Beatty, Klamath ba- 

sin, Lake Co., Oregon. SS = Sucker Springs Creek, Shasta Co., 

California. SV = springs west of Fee Reservoir, Surprise Valley, 

Lassen Co., California. TH = three unnamed springs, Pit River 

basin, Shasta_Co., California. UK = Upper Klamath Lake at 

Pyrgulopsis n. sp. 2. Frest & Johannes, 1995:70 [in part], 

F14 (fig. 5) [in part], T1 (table 1) [in part], T3 (table 2) 

[in part], T7 (table 3) [in part], T1O0—T31 (table 4) [in 

part], T61 (table 8) [in part], D11 (Appendix D map) 

[in part].—Frest & Johannes, 1997. T1 (table 1) [in 

part], T3 (table 2) [in part], T7 (table 3) [in part]. 

Pyrgulopsis n. sp. 2 Frest & Johannes, 1995. Frest & Jo- 

hannes, 1997:T10 (table 10) [in part]. 

Etymology: From Latin rupina (“‘rocky chasm’’) and 

-cola (“dweller”), referring to the occurrence of this 

species in the vicinity of the canyon region of the Pit 

River. 

Diagnosis: Differs from smooth-shelled populations of P. 

archimedis in having a shorter spire and more rounded 

shell whorls. Also differs from this species anatomically 

in having a large osphradium, weak rectal furrow on al- 

bumen gland, elongate prostate gland, and consistently 

small sperm pouches and elongate bursal duct. 

Description: Shell (Figures 4B, 11A, B) ovate-conic, 

3.40—4.92 mm tall, SW/SL 62-78%, AL/SL 39-49%, 

whorls 4.50—5.25. Periostracum tan. Protoconch 1.5—1.6 

whorls, diameter about 440 jm, surface appearing 

smooth, but often eroded. Teleoconch whorls highly con- 

vex, evenly rounded, often shouldered, last two whorls 

often sculptured with numerous spiral threads. Aperture 

ovate, slightly angled adapically. Inner lip usually thin, 

rarely thickened, usually narrowly adnate, sometimes 

slightly separated from body whorl; thick-lipped speci- 

mens having medium width columellar shelf. Outer lip 

usually thin, sometimes thickened, orthocline or weakly 

prosocline. Shell narrowly umbilicate. 

Outer and inner sides of operculum (Figure 11C, D) 

smooth. 

Radula (Figure 11E) about 820 < 130 wm, with about 

50 well formed rows of teeth. Central teeth (Figure 11F) 

about 38 wm wide; cutting edge slightly concave, central 

cusps hoelike; outer basal cusp often incomplete. Basal 

tongue of central teeth convex, sometimes almost straight, 

base about even with distal ends of lateral margins, lateral 

margins broad. Central cusp of lateral tooth (Figure 11G) 

hoelike, outer wing weakly flexed, length 200—240% 

length of tooth face; basal tongue weakly developed. In- 

ner marginal teeth with enlarged cusp near outer edge. 

Animal moderately pigmented. Cephalic tentacles near 

pale to dark brown (with pale central strip). Snout dark 

brown or grey. Pallial roof, visceral coil usually dark 

brown or grey, sometimes more lightly pigmented. Penial 

filament darkly pigmented. 

Efferent ctenidial vessel short. Ctenidial filaments 22— 

e— 

Hagelstein Park outlet, Klamath basin, Klamath Co., Oregon. 

WCa = Willow Creek west of Lower Mcbride Springs, Lassen 

Co., California. WCb = Willow Creek downstream from Willow 

Creek Campground, Lassen Co., California. 
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Figure 11. Pyrgulopsis rupinicola Hershler, Frest, Liu & Johannes, sp. nov., shells, operculum, radula, USNM 892187, Sucker Springs 

Creek, Shasta Co., California. A, B. Shells. C. Outer side of operculum. D. Inner side of operculum. E. Radula. F Detail of central 

teeth. G. Detail of lateral tooth. Scales: A, B = 1.0 mm; C, D = 100 pm; E, F = 20 pm; G = 10 pm. 

26, well developed, lateral surfaces ridged. Osphradium 

large, narrow, positioned posterior to middle of ctenid- 

ium. Renal organ with short pallial section. Style sac 

about as long as remainder of stomach; stomach with 

large, triangular posterior caecum. Capsule gland with 

weak rectal furrow. 

Testis 2.0 whorls, of numerous compound lobes, broad- 

ly overlapping stomach anteriorly. Seminal vesicle con- 

sisting of a few coils. Prostate gland (Figure 12A) elon- 

gate, with short pallial section. Visceral vas deferens 

opening a little behind posterior pallial wall; pallial vas 

deferens opening well behind anterior edge of prostate 

gland, duct having proximal bend. Penis (Figures 12B, C) 

small or medium-sized; rectangular base with inner edge 

weakly folded or smooth; filament short, medium width, 

tapering, slightly oblique; lobe medium length, almost 
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Figure 12. Genitalia of Pyrgulopsis rupinicola Hershler, Frest, Liu & Johannes, sp. nov., USNM 892187. A. Prostate gland. B, C. 

Penis. D. Oviduct. E. Bursa copulatrix. EF Seminal receptacle. Scales = 250 ym. bu = bursa copulatrix, sr = seminal receptacle. 

square, slightly oblique. Terminal gland narrow, weakly 

curved, transverse. Penial gland about 50% length of fil- 

ament, slightly narrower than filament, positioned on bas- 

al half of filament medially. Ventral gland well devel- 

oped, medially positioned, stalked, sometimes accompa- 

nied by separate glandular dot. Penial duct weakly un- 

dulating proximally. 

Ovary 1.25 whorl, of compound lobes, overlapping 

stomach anteriorly. Distal female genitalia shown in Fig- 

ure 12D. Renal oviduct a single, posterior-oblique or hor- 

izontal loop, kinked anteriorly. Bursa copulatrix (Figure 

12E) small, ovate or pyriform, horizontal, partly over- 

lapped by albumen gland. Bursal duct longer than bursa 

copulatrix, narrow, superficial or slightly embedded in al- 

bumen gland. Seminal receptacle (Figure 12F) shorter 

than bursa copulatrix, finger-shaped, positioned near me- 

dially on albumen gland, overlapping anterior section of 

bursa copulatrix. Albumen gland with very short pallial 

section; capsule gland shorter than albumen gland, en- 

tirely pallial, composed of one to two glandular units (as 

discerned in dissection). Genital opening a small, subter- 

minal slit. 

Type material: Holotype (Figure 4B), USNM 892187, 
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from Sucker Springs Creek east of California Fish and 

Game Pit River Hatchery on northwest side of access 

road above intake for the fish hatchery, northwest of Pit 

River, over 1.6 km southwest of Pit 1 Powerhouse (Pa- 

cific Gas & Electric), Shasta County, California 

(625,320E; 4,538,180N; 875 m), 18 October 1994, TF 

and EJ. Paratypes (from same lot), USNM_ 1004526, 

DEIX 3161. Additional paratype series, USNM 1004527, 

DEIX 3201, collected from same locality on 31 August 

2001, TF and EJ. 

Distribution: Endemic to a single site in the Pit River 

basin (Figure 9). Snails were collected from a large, cold 

spring outflow with slow to moderate current and sub- 

strate of mud, silt, sand, fine gravel, scattered cobbles. 

Snails were most abundant in open, muddy areas of this 

nasmode. 

Remarks: The endemic locality of this snail is in close 

proximity to populations of morphologically similar P. 

archimedis. However, the distinctiveness of P. rupinicola 

is strongly supported by the phylogenetic analysis of 

mtCOI data, which depicts a strongly supported clade 

(99%) composed of four specimens of this species posi- 

tioned outside of (sister to) a clade composed of P. ar- 

chimedis and an undescribed species from the Klamath 

basin (Figure 10). MtCOI sequences of P. rupinicola dif- 

fer from those from 10 populations of P. archimedis by 

2.55—3.06% and from three populations of the unde- 

scribed species by 2.38—3.06%. 

Pyrgulopsis eremica Hershler, 1995 

Smoke Creek pyrg 

(Figures 9, 10, 13, 14) 

Pyrgulopsis eremica Hershler, 1995:349-351, 354, fig. 5B, 

7-9. 

Diagnosis: Distinguished from other regional congeners 

by its distinctive bladelike penis, which has lobe absent 

or very reduced and lacks any glandular ornament. 

Description (of Pit River basin material): Shell (Fig- 

ures 13A, B) ovate-conic, 1.58—2.37 mm tall, SW/SL 66— 

74%, AL/SL 41-45%, whorls, 4.0—4.25. Periostracum 

tan, very thin. Protoconch 1.25—1.3 whorls, diameter 

about 0.340 jm, smooth. Teleoconch whorls well round- 

ed, wider above, smooth apart from growth lines. Aper- 

ture ovate, slightly angled adapically. Inner lip slightly 

thickened, narrowly adnate or slightly separated from 

body whorl. Outer lip slightly thickened. Shell broadly 

umbilicate. 

Outer side of operculum (Figure 13C) with edge of last 

whorl frilled. Attachment scar margin sometimes slightly 

thickened along inner edge (Figure 13D). 

Radula (Figure 13E) about 460 * 92 wm, with about 

50 well-formed rows of teeth. Central teeth (Figure 13F) 

about 20 zm wide; cutting edge concave, central cusp bi- 

or trifurcate in anterior tooth rows. Basal tongue of cen- 

tral tooth V-shaped, base even with distal edges of lateral 

margins. Central cusp of lateral tooth (Figure 13G) hoe- 

like; outer wing well flexed, length about 200% of tooth 

face length; basal tongue well developed. 

Animal darkly pigmented. Snout, cephalic tentacles 

dark brown or black; bases of tentacles around eyes pale. 

Pallial roof, visceral coil dark brown or black. 

Efferent ctenidial vessel short. Ctenidial filaments 

about 16, much wider than tall, lateral surfaces without 

ridges. Osphradium large, narrow, positioned well pos- 

terior to middle of ctenidium. Renal organ without pallial 

section. Style sac a little shorter than remainder of stom- 

ach. 

Testis 1.25 whorls, of 8-10 compound lobes, broadly 

overlapping stomach anteriorly. Seminal vesicle a small 

mass of loose coils. Prostate gland (Figure 14A) ovate or 

bean-shaped, with very short pallial section. Visceral vas 

deferens opening a little behind posterior pallial wall; pal- 

lial vas deferens opening well behind anterior edge of 

prostate gland just in front of pallial wall, duct with prox- 

imal bend or twist. Squat base of penis (Figure 14B) fold- 

ed along inner edge; filament longer than base; lobe ab- 

sent or a very short, broad swelling. Penial duct fairly 

broad. 

Ovary 0.75 whorl, of three to four simple lobes, over- 

lapping posterior stomach chamber anteriorly. Distal fe- 

male genitalia shown in Figure 14C. Renal oviduct a 

small, posterior-oblique loop strongly kinked anteriorly. 

Bursa copulatrix (Figure 14D) small, ovate or club- 

shaped, horizontal, partly overlapped by albumen gland. 

Bursal duct about as long as bursa copulatrix, narrow or 

medium width, expanded distally, usually shallowly em- 

bedded in albumen gland along entire length. Seminal 

receptacle (Figure 14E) short, finger-shaped, sometimes 

folded, positioned near ventral edge of albumen gland, 

anterior to or slightly overlapping bursa copulatrix. Al- 

bumen gland with large pallial section; capsule gland lon- 

ger than albumen gland, entirely pallial, composed of sin- 

gle glandular unit. Genital opening a short, subterminal 

slit. 

Material examined: CALIFORNIA. Lassen County: 

USNM 1004529, DEIX 3160, from spring on north side 

of FS 22, west of Russell Dairy Spring (666,010E; 

4,521,420N), 24 September 2001, TF & EJ. 

Distribution: Collected from a single site in the lower 

Pit River basin (Figure 9). This species is otherwise re- 

stricted to the geographically proximal northern Lahontan 

and Black Rock Desert regions (Hershler, 1995, fig. 6). 

The Pit River locality is a cold spring with mud and cob- 

ble bottom. 

Remarks: The Pit River basin population closely con- 

forms morphologically to P. eremica in both shell and 

anatomical features, although it differs in having a more 
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A 

Figure 13. Pyrgulopsis eremica, shells, operculum, radula, USNM 1004529, spring west of Russell Dairy Spring, Lassen Co., Cali- 

fornia. A, B. Shells. C. Outer side of operculum. D. Inner side of operculum. E. Radula. FE Detail of central teeth. G. Details of lateral 

and inner marginal teeth. Scales: A, B = 200 4m; C, D = 100 wm; E, G = 10 pm; F = 3 pm. 

posterior position of the osphradium, and an entirely vis- Pyrgulopsis falciglans Hershler, Frest, Liu & 

ceral position of renal organ. Snails from this population Johannes, sp. nov. 

also are slightly differentiated from three sequences (two Likely pyrg 

localities) of P. eremica from the Eagle Lake basin based 

on mtCOI sequence divergences (0.85—1.02%), suggest- (Figures 4C, 10, 15-17) 
ing that this geographically isolated population warrants 

recognition as an evolutionarily significant unit within Johannes, 1995:51 [in part]. 

this species. These sequences collectively form a well Pyrgulopsis n. sp. 2. Frest & Johannes, 1995:70 [in part], 

supported (95%) clade (Figure 10). F14 (fig. 5) [in part], T1 (table 1) [in part], T3 (table 2) 

Pyrgulopsis n. sp. 2 [Willow Creek springsnail]. Frest & 



Figure 14. Genitalia of Pyrgulopsis eremica, USNM 1004529. 

A. Prostate gland. B. Penis. C. Oviduct. D. Bursa copulatrix. E. 

Seminal receptacle. Scales: A, C-E = 250 pm; B = 200 pm. bu 

= bursa copulatrix, sr = seminal receptacle. 

{in part], T7 (table 3) [in part], T1O—T31 (table 4) [in 

part], T61 (table 8) [in part], D11 (Appendix D map) 

{in part].—Frest & Johannes, 1997. T1 (table 1) [in 

part], T3 (table 2) [in part], T7 (table 3) [in part]. 

Pyrgulopsis n. sp. 2 Frest & Johannes, 1995. Frest & Jo- 

hannes, 1997:T10 (table 10) [in part]. 

Etymology: Latin falcis (“‘sickle’’), referring to the shape 

of the prominent penial gland of this species. Common 

name refers to distribution of snail in proximity of town 

of Likely, California. 

Diagnosis: Distinguished from other regional congeners 

by its unique pattern of penial ornament, consisting of a 

weakly developed terminal gland and a sickle-shaped pe- 

nial gland. 

Description: Shell (Figures 4C, 15A, B) ovate-conic, 

1.95—2.71 mm tall, SW/SL 66-73%, AL/SL 39-43%, 

whorls, 4.25—4.75. Periostracum brown. Protoconch 

slightly tilted, 1.3—1.4 whorls, diameter about 330 wm, 
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surface wrinkled with sculpture more pronounced near 

apex. Teleoconch whorls convex, wider above, narrowly 

shouldered, weak spiral threads sometimes present. Ap- 

erture ovate, slightly angled adapically. Inner lip slightly 

thickened, complete, usually slightly separated from body 

whorl. Outer lip thin, prosocline. Shell narrowly umbili- 

cate. 

Outer side of operculum with edge of last whorl weak- 

ly frilled (Figure 15C). Attachment scar margin slightly 

thickened along inner edge (Figure 15D). 

Radula (Figure 15E) about 460 x 60 ym, with about 

50 well formed rows of teeth. Central teeth (Figure 15F) 

about 25 pm wide; cutting edge weakly concave, central 

cusp distally rounded or pointed. Basal tongue of central 

tooth broadly rounded, base shorter than lateral margins, 

lateral margins narrow. Central cusp of lateral tooth (Fig- 

ure 15G) broad, hoelike; outer wing weakly to moderately 

flexed, length about 200% of tooth face length, basal 

tongue well developed. Inner marginal teeth with broad 

wing on inner side. Outer marginal teeth with rectangular 

wing on outer side. 

Animal darkly pigmented. Snout, cephalic tentacles 

light grey to black. Pallial roof, visceral coil grey-black. 

Penial filament black, pigment granules scattered on base. 

Efferent ctenidial vessel short. Ctenidial filaments 

about 20, well developed, lateral surfaces with ridges. 

Osphradium short, narrow, centrally positioned along cte- 

nidium. Renal organ with small pallial section. Style sac 

about as long as remainder of stomach; stomach with 

small posterior caecum. 

Testis 1.5 whorls, of numerous compound lobes, over- 

lapping stomach anteriorly. Seminal vesicle a small, tight- 

ly coiled mass. Prostate gland (Figure 16A) bean-shaped, 

with short pallial section. Visceral vas deferens opening 

to prostate gland a little behind posterior pallial wall; pal- 

lial vas deferens opening behind anterior edge of prostate 

just in front of pallial wall, duct with proximal bend. Pe- 

nis (Figures 16B, C) medium-sized; base rectangular, 

folded along inner edge; filament slightly shorter than 

base, fairly broad, distally pointed, slightly oblique; lobe 

short, narrow, hemispherical, horizontal. Terminal gland 

transverse or oblique, narrow, positioned largely on ven- 

tral surface. Penial gland narrow, sickle-shaped, posi- 

tioned along inner edge of base of filament. 

Ovary 1.0 whorl, of five to six simple stalked lobes, 

filling less than 50% of digestive gland behind stomach, 

slightly overlapping stomach anteriorly. Distal female 

genitalia shown in Figure 16D. Renal oviduct a single, 

horizontal, weakly pigmented loop, slightly kinked prox- 

imally. Bursa copulatrix (Figure 16E) medium-sized, 

ovate or subglobular, horizontal, partly overlapped by al- 

bumen gland. Bursal duct about as long as bursa copu- 

latrix, medium width, positioned on surface of albumen 

gland. Seminal receptacle (Figure 16F) considerably 

shorter than bursa copulatrix, finger-shaped, slightly fold- 

ed, positioned near ventral edge of albumen gland just 
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Figure 15. Pyrgulopsis falciglans Hershler, Frest, Liu & Johannes, sp. nov., shells, operculum, radula, USNM 1004606, spring southeast 

of Smokey Charley Spring, Modoc Co., California. A, B. Shells. C. Outer side of operculum. D. Inner side of operculum. E. Radula. 

F Detail of central teeth. G. Details of lateral teeth. Scales: A, B = 200 pm; C, D = 100 pm; E, G = 10 pm; F = 3 pm. 

anterior to bursa copulatrix. Albumen gland with short 

pallial section; capsule gland shorter than albumen gland, 

entirely pallial, composed of single glandular unit. Gen- 

ital opening broad, terminal. 

Type material: Holotype (Figure 4C), USNM 1004605, 

from cold spring about 0.40 km southeast of Smokey 

Charley Spring and 0.32 km west of Modoc County 63, 

at source next to homestead cabin, Modoc County, Cal- 

ifornia (705,090 E; 4,566,300 N; 1366 m), 19 September 

2001, TF and EJ. Paratypes (from same lot), USNM 

1004606, DEIX 3155. 

Other material examined: CALIFORNIA. Modoc 

County: USNM 1004604, DEIX 3202, Smokey Charley 

Spring at source on hillside, about 0.40 km west of Mo- 

doc County 63 (704,900E; 4,560,570N; 1366 m), 19 Sep- 

tember 2001, TF and EJ. 

Distribution: Restricted to two closely adjacent springs 

along the South Fork Pit River (Figure 17). 
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Figure 16. Genitalia of Pyrgulopsis falciglans Hershler, Frest, Liu & Johannes, sp. nov.,. USNM 1004606. A. Prostate gland. B, C. 

Penis. D. Oviduct. E. Bursa copulatrix. F Seminal receptacle. Scales: A-C = 250 ym; D-F = 500 pm. bu = bursa copulatrix, sr = 

seminal receptacle. 

Remarks: This snail is not closely similar morphologi- 

cally to other regional congeners. MtCOI sequences pro- 

vide moderate support (73%) for a sister relationship with 

another species from the upper Pit River basin, P. ciner- 

ana (Figure 10). Sequence divergence between these two 

species is 4.6%. 

Pyrgulopsis cinerana Hershler, Frest, Liu & 

Johannes, sp. nov. 

Ash Valley pyrg 

(Figures 4D, 10, 17-19) 

Etymology: From Latin cineris (“‘ashes’’), referring to 

distribution of this snail in Ash Valley. 

Diagnosis: Distinguished from other regional congeners 

by its broad, strongly shouldered shell and pattern of pe- 

nial ornament consisting of a small terminal gland. 

Description: Shell (Figures 4D, 18A, B) subglobose to 

ovate-conic, 2.48—4.85 mm tall, SW/SL 63-76%, AL/SL 

41-48%, whorls 4.1—5.0. Periostracum thick, brown. Pro- 

toconch 1.3 whorls, diameter about 380 jm, appearing 

smooth but somewhat eroded. Teleoconch whorls convex, 

shoulders well developed, usually broad; evenly rounded. 

Aperture ovate, narrower adapically. Inner lip rarely 

thickened, complete, slightly separated in larger speci- 

mens, otherwise narrowly adnate. Outer lip usually thin, 

orthocline or weakly prosocline, sometimes weakly sin- 

uate. Shell umbilicate. 

Outer side of operculum with edge of last 0.5 whorl 

frilled (Figure 18C). Attachment scar margin sometimes 

slightly thickened near nucleus (Figure 18D). 

Radula (Figure 18E) about 650 < 120 ym, with about 

30-34 well formed rows of teeth. Central teeth (Figure 

18F) about 33 wm wide; cutting edge weakly concave, 

central cusp rounded or pointed. Basal tongue of central 

tooth broadly rounded, base even with distal ends of lat- 

eral margins, lateral margins broad. Central cusp of lat- 
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10 km 

A Pyrgulopis cinerana 

B Pyrgulopis falciglans 

@ Pyrgulopis lasseni 

Figure 17. Map showing distribution of Pyrgulopsis cinerana Hershler, Frest, Liu & Johannes, sp. nov., P. falciglans Hershler, Frest, 

Liu & Johannes, sp. nov., and P. lasseni Hershler, Frest, Liu & Johannes, sp. nov. in the Pit River basin. 

eral tooth (Figure 18G) large, hoelike; outer wing weakly 

flexed, length about 170—190% of tooth face length; basal 

tongue well developed. Inner marginal teeth with rect- 

angular wing on inner side; outer marginal teeth with sim- 

ilar wing on outer side. 

Animal darkly pigmented. Snout, cephalic tentacles 

light grey to near uniform black, tentacle pigmentation 

lighter centrally. Pallial roof, visceral coil dark brown to 

almost uniform black. Penial filament darkly pigmented 

along proximal 66% of length, distal portion of base pig- 

mented with scattered granules. 

Efferent ctenidial vessel very short. Ctenidial filaments 

about 27, well developed, lateral surfaces having ridges. 

Osphradium medium-sized, narrow, positioned slightly 

posterior to center of ctenidium. Renal organ with me- 

dium pallial section. Style sac about as long as remainder 

of stomach; stomach with medium-sized posterior cae- 

cum. Capsule gland with rectal furrow. 

Testis 2.0 whorls, of numerous compound lobes, broadly 

overlapping stomach anteriorly. Seminal vesicle of a few 

loose coils. Prostate gland (Figure 19A) bean-shaped, with 

very short pallial section. Visceral vas deferens opening to 

prostate gland just behind posterior pallial wall; pallial vas 

deferens opening a little behind anterior edge of prostate 

gland just in front of pallial wall, duct with prominent 

proximal bend. Penis (Figures 19B, C) medium-sized; base 

elongate-rectangular, inner edge smooth or weakly undu- 

lating; filament short, narrow, tapering, slightly oblique; 

lobe short, rectangular but slightly tapering, horizontal or 

slightly oblique. Terminal gland small, transverse, ovate, 

positioned largely on ventral edge. 

Ovary 1.0 whorl, a single mass of numerous oocytes, 

filling more than 50% of digestive gland behind stomach, 

partly overlapping stomach anteriorly. Distal female geni- 

talia shown in Figure 19D. Renal oviduct a single poste- 

rior-oblique or horizontal coil, slightly kinked proximally. 

Bursa copulatrix (Figure 19E) small, subglobular or ovate, 

horizontal, partly overlapped by albumen gland. Bursal 

duct longer than bursa copulatrix, fairly broad but narrow- 

ing distally, shallowly embedded in albumen gland. Sem- 

inal receptacle (Figure 19F) very small, fingerlike, straight, 

positioned near ventral edge of albumen gland well ante- 

rior to bursa copulatrix. Albumen gland with short pallial 

section; capsule gland much shorter than albumen gland, 

entirely pallial, composed of one to two glandular units. 

Genital opening broad, terminal. 

Type material: Holotype (Figure 4D), USNM 1004543, 

nearest spring east of Ash Valley Road (Modoc County 

527) crossing of Ash Creek, north side of creek, JJJ Ranch, 

Lassen County, California (692,180E, 4,551,090N; 1536 

m), 23 July 2002, TE EJ and SR. Paratypes (from same 

sample), USNM 1004544, DEIX 3181. 

Other material examined: CALIFORNIA. Lassen 
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Figure 18. Pyrgulopsis cinerana Hershler, Frest, Liu & Johannes, sp. nov., shells operculum, radula, USNM 1004544, spring east of 

Ash Valley Road, Lassen Co., California. A, B. Shells. C. Outer side of operculum. D. Inner side of operculum. E. Radula. F Detail 

of central teeth. G. Detail of lateral teeth. Scales: A, B = 200 pm; C, D = 100 pm; E-G = 10 pm. 

County: USNM_ 1004525, DEIX 3205, Ash Creek on 

west side of Ash Valley Road (Modoc County 527), Ash 

Valley (692,080 E; 4,551,080 N; 1535 m), 19 September 

2001, TF and EJ.—USNM 1004524, DEIX 3178, ibid., 

23 July 2002, TF and EJ—USNM 1004541, DEIX 3184, 

Ash Creek south culvert channel on west side of Ash 

Valley Road (Modoc County 527), Crown D Ranch 

(692,060E; 4,551,010N; 1535 m), 23 July 2002, TE EJ 

and SR.—USNM 1004547, DEIX 3182, Second closest 

spring east of Ash Valley Road (Modoc County 527) 

crossing of Ash Creek, north side of creek, JJJ Ranch 

(692,240E; 4,551,080N; 1535 m), 23 July 2002, TE EJ 

and SR.—USNM 1004528, DEIX 3180, DEIX 3183, far- 

thest spring east of Ash Valley Road (Modoc County 527) 
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Figure 19. Genitalia of Pyrgulopsis cinerana Hershler, Frest, Liu & Johannes, sp. nov., USNM 1004528. A. Prostate gland. B, C. 

Penis. D. Oviduct. E. Bursa copulatrix. E Seminal receptacle. Scales: A-C = 250 wm; D-F = 500 pm. bu = bursa copulatrix, sr = 

seminal receptacle. 

crossing of Ash Creek, north side of creek, JJJ Ranch 

(692,310E; 4,551,060N; 1536 m), 23 July 2002, TE EJ 

and SR.—USNM 1005152, DEIX 3203, Chisolm Spring 

on south side of Ash Creek, west side of Ash Valley Road 

(Modoc County 527), Crown D Ranch (692,030E; 

4,550,990N; 1536 m), 23 July 2002, TF and EJ. 

Distribution: Cold springs associated with upper Ash 

Creek, Ash Valley, upper Pit River basin (Figure 17). 

These snails live in small helocrenes. 

Pyrgulopsis lasseni Hershler, Frest, Liu & 

Johannes, sp. nov. 

Willow Creek pyrg 

(Figures 4E, 10, 17, 20, 21) 

Pyrgulopsis n. sp. [Willow Creek springsnail]. Frest & Jo- 

hannes, 1994:13. 

Pyrgulopsis n. sp. Frest & Johannes, 1994:18, 19, 33 (fig. 

2), 36 (table 1), 38 (table 2), 41 (Table 3), 43—48 (table 

4), 56 (table 8). 

Pyrgulopsis n. sp. 2 [Willow Creek springsnail]. Frest & 

Johannes, 1995:51 [in part]. 

Pyrgulopsis n. sp. 2. Frest & Johannes, 1995:70, F14 (fig. 

5), T1 (table 1), T3 (table 2), T7 (table 3), T10—-T31 

(table 4), T61 (table 8), D11 (Appendix D map).—Frest 

& Johannes, 1997:T1 (Table 1) [in part], T3 (table 2) 

[in part], T7 (table 3) [in part]. 

Pyrgulopsis n. sp. 2 Frest & Johannes, 1995. Frest & Jo- 

hannes, 1997: T10 (table 10) [in part]. 

Etymology: For Peter Lassen, intrepid early explorer of 

northeastern California. 

Diagnosis: Differs from other regional congeners in its 

strongly angled shell aperture, frequently solute body 

whorl, and pattern of penial ornament, consisting of the 

combination of well developed penial and terminal glands 

and absence of a ventral gland. 

Description: Shell (Figures 4E, 20A, B) broad to narrow 

conic, 1.52—2.81 mm tall, SW/SL 61-73%, AL/SL 39- 

47%, whorls 3.5—5.0. Periostracum tan or brown. Proto- 

conch 1.25—1.30 whorls, diameter about 310 wm, surface 

smooth. Teleoconch whorls weakly convex, narrowly 

shouldered, weak spiral threads sometimes present. Ap- 

erture ovate, strongly angled above. Inner lip usually 
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Figure 20. Pyrgulopsis lasseni Hershler, Frest, Liu & Johannes, sp. nov., shells, operculum, radula, USNM 1004533, Willow Creek, 

Lassen Co., California. A, B. Shells. C. Outer side of operculum. D. Inner side of operculum. E. Radula. E Detail of central teeth. G. 

Detail of lateral teeth. Scales: A = 200 wm; B—D = 100 wm; E-G = 10 pm. 
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Figure 21. Genitalia of Pyrgulopsis lasseni Hershler, Frest, Liu & Johannes, sp. nov., USNM 1004533. A. Prostate gland. B, C. Penis. 

D. Oviduct. E. Bursa copulatrix. F Seminal receptacle. Scales = 250 pm. bu = bursa copulatrix, sr = seminal receptacle. 

slightly thickened, rarely thick, last 0.25 whorl to entire 

body whorl often disjunct. Outer lip thin, orthocline or 

weakly prosocline. Umbilicus rimate or chinklike. 

Outer side of operculum shown in Figure 20C. Attach- 

ment scar margin thickened along inner edge near nucleus 

(Figure 20D). 

Radula (Figure 20E) about 460 xX 82 pm, with about 

65 well formed rows of teeth. Central teeth (Figure 20F) 

about 17 wm wide; cutting edge strongly indented, central 

cusp hoelike or spoonlike. Basal tongue of central tooth 

broadly angled, almost V-shaped, base about even with 

distal edges of lateral margins, lateral margins narrow. 

Central cusp of lateral tooth (Figure 20G) hoelike; outer 

wing weakly flexed, length about 200% of tooth face 

length; basal tongue well developed. 

Animal darkly pigmented. Cephalic tentacles grey or 

black, pigment darker along midline. Pallial roof, visceral 

coil black-dorsally, ventral surface pale or grey. Penial 

filament black along proximal 66% of length; penial lobe 

sometimes darkly pigmented, but less so than filament. 

Efferent ctenidial vessel short. Ctenidial filaments 1 1— 

13, narrow, lateral surfaces without ridges. Osphradium 

large (> 50% of length of ctenidium), narrow, posteriorly 

positioned along ctenidium. Renal organ, pericardium 

with short pallial sections. Style sac about as long as re- 

mainder of stomach; stomach with small posterior cae- 

cum. Rectum producing distinct furrow on capsule gland. 

Testis 1.25—1.50 whorls, of compound lobes, broadly 

overlapping stomach anteriorly. Seminal vesicle a large 

mass of loose coils filling about 0.5 whorl. Prostate gland 

(Figure 21A) bean-shaped, with short pallial section. Vis- 

ceral vas deferens opening to prostate gland just behind 

posterior pallial wall; pallial vas deferens opening near 

middle of prostate gland (sometimes on left side rather 

than along ventral edge) at pallial wall, duct with proxi- 

mal bend. Penis (Figures 21B, C) small; base square, 
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folded along inner edge; filament a little longer than base, 

medium width, tapering to point, horizontal; lobe short, 

square, horizontal. Terminal gland rather small, ovate or 

circular, usually restricted to ventral edge, variably ori- 

ented. Penial gland short, narrow, positioned at base of 

filament near inner edge. 

Ovary 0.5—0.75 whorl, of a few weakly developed sim- 

ple lobes, overlapping posterior stomach chamber ante- 

riorly. Distal female genitalia shown in Figure 21D. Renal 

oviduct a small, horizontal coil with a proximal kink. 

Bursa copulatrix (Figure 21E) small, ovate, horizontal or 

oblique, about 50% overlapped by albumen gland. Bursa 

duct as long or slightly longer than bursa copulatrix, nar- 

row, superficial or shallowly embedded in albumen gland. 

Seminal receptacle (Figure 21F) much shorter than bursa 

copulatrix, narrow or ovate, folded, positioned near mid- 

line of albumen gland a little anterior to or partly over- 

lapping bursa copulatrix. Albumen gland with short pal- 

lial section; capsule gland about as long as albumen 

gland, entirely pallial, composed of a single glandular 

unit. Genital opening a short, subterminal slit. 

Type material: Holotype (Figure 4E), USNM 1004532, 

Willow Creek on both sides of wooden foot bridge at a 

picnic area just downstream (west) of Willow Creek 

Campground, north side of CA 139, about 0.16 rd. km 

west of Hayden Hill Cut Off Road junction, Modoc Na- 

tional Forest, Lassen County, California (682,500 E; 

4,542,280 N; 1521 m), 20 September 2001, TF and EJ. 

Paratypes (from same lot), USNM 1004533, DEIX 3152. 

Other material examined: CALIFORNIA. Lassen 

County: USNM 883759, DEIX 3149, spring north of Wil- 

low Creek and north of CA 139, about 0.49 km east of 

Willow Creek Campground, Modoc National Forest, Las- 

sen County, California (683,090E; 4,542,320N; 1543 m), 

10 September 1993, TF and EJ—USNM 1004530, Wil- 

low Creek just upstream (south) of Hayden Hill Road 

(Lassen County Road 534, FS37N42) junction, along 

west side of CA 139, mouth of Hayden Canyon, Modoc 

National Forest, Lassen County, California (680,680E; 

4,542,990N; 1487 m), 20 September 2001, TF and EJ.— 

USNM 1004531, DEIX 3151, Willow Creek at lower end 

(west) of Lower McBride Springs, northeast side of CA 

139, about 0.64 rd. km east of Hayden Hill Cut Off Road 

junction, Modoc National Forest, Lassen County, Cali- 

fornia (682,030E; 4,542,680N; 1503 m), 20 September 

2001, TF and EJ. 

Distribution: Upper reaches of Willow Creek and an as- 

sociated warm nasmode, upper Pit River basin (Figure 

17). This species lives in an area of recent geyser activity. 

Snails were collected from exposed travertine in a warm 

(20—22°C) nasmode (composed of about seven springs) 

and from cobble, mud, and rooted macrophytes in the 

adjoining, cooler Willow Creek. Snails were most abun- 

dant in Willow Creek. 

The Veliger, Vol. 46, No. 4 

Remarks: The three sequenced specimens of P. lasseni 

(from two localities) formed a well supported (100%) 

clade that was basally positioned relative to all other re- 

gional congeners (Figure 10). 
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Seasonal Abundances of Euthecosomatous Pteropods and Heteropods from 

Waters Overlying San Pedro Basin, California 
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Abstract. Ten species of euthecosomatous pteropods and five heteropod species were recorded from replicated oblique 

plankton tows to a target depth of 300 m taken with an open, 2 m diameter ring net (3 m* mouth opening) during 13 

monthly cruises from April 1989 to April 1990 in San Pedro Basin, California. Six species of euthecosomes and one 

atlantid heteropod species were sufficiently numerous in the samples to allow assessment of seasonal patterns. The most 

abundant euthecosome (Limacina helicina) and heteropod (Atlanta californiensis) are epipelagic species that belong to the 

Transitional Faunal Province in the North Pacific. The highest densities of both species occurred during the summer, 

coinciding with the strongest seasonal flow of the California Current and Southern California Eddy. Conversely, during 

the winter when flow of these currents was weakest, the lowest densities of these species were recorded. Three euthecosome 

species (Creseis virgula, Limacina bulimoides, and Cavolinia inflexa) are warm water (tropical and subtropical) epipelagic 

species, although the latter two are most abundant in Central waters. Whereas C. inflexa showed no pattern of seasonal 

abundance, C. virgula and L. bulimoides had increased densities in the summer, corresponding to the time of maximal 

Southern California Countercurrent flow. Lastly, two euthecosome species (Limacina inflata and Clio pyramidata) are warm 

water, mesopelagic species that undergo nocturnal vertical migration into epipelagic waters. Maximal densities of L. inflata 

were recorded during the winter, which corresponds to a secondary peak in flow strength of the California Current and 

surfacing of the California Undercurrent. There was no seasonal pattern of abundance for C. pyramidata. 

INTRODUCTION 

The euthecosomatous pteropods and heteropods comprise 

morphologically distinct and distantly related groups of 

holoplanktonic gastropod mollusks. The majority of het- 

eropods have cosmopolitan distributions, although they 

normally are not abundant and are limited primarily to 

tropical and subtropical waters. Like the heteropods, 

many of the euthecosomes are cosmopolitan and are trop- 

ical and subtropical, although some species are found in 

Arctic and Antarctic waters (Lalli & Gilmer, 1989). The 

euthecosomes, however, are generally more abundant 

than the heteropods and can be highly numerous, occa- 

sionally attaining densities in excess of 100,000 m~° 

(McGowan, 1968) 

From the California Current region off the west coast 

of the United States and Baja California, Mexico, distri- 

butions and abundances of euthecosomes and heteropods 

were reported by McGowan (1967) as part of the Cali- 

fornia Cooperative Oceanic Fisheries Investigation 

(CalCOFI) atlas series. These maps were based on 

oblique tows taken with standard CalCOFI 1 m plankton 

nets at stations located on the CalCOFI sampling grid 

during six cruises between November 1949 and October 

1952. 

' Present address: Department of Biology, Rio Hondo College, 

Whittier, California 90601, USA. 

The present study represents the first report on euthe- 

cosomes from the California Current since the Ph.D. the- 

sis of McGowan (1960), the CalCOFI Atlas (McGowan, 

1967), and related papers (McGowan, 1963, 1968, 1971). 

McGowan also treated the heteropods in his 1967 atlas, 

as well as including certain species in two other papers 

(McGowan, 1971; Fager & McGowan, 1963). Heteropods 

from the California Current region have been the subject 

of several studies (Dales, 1953; Seapy, 1974, 1980; Seapy 

& Richter, 1993). 

Here we examine the species composition and abun- 

dances of euthecosomes and heteropods over a 13 month 

period from waters overlying the San Pedro Basin off 

southern California. These data enabled us to hypothesize 

seasonal patterns of abundance, which we have attempted 

to relate to the geographical and depth distributions and 

to seasonal differences in flow of the California Current, 

Southern California Eddy and Countercurrent, and the 

California Undercurrent. 

MATERIALS and METHODS 

Thirteen consecutive monthly cruises were conducted 

aboard the R/V Yellowfin, Southern California Marine In- 

stitute, from April 1989 to April 1990 in waters overlying 

the San Pedro Basin, located between the Palos Verdes 

Peninsula and Santa Catalina Island (Figure 1). The ex- 

panded continental shelf off southern California (termed 
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Figure 1. Locations of starting positions for plankton tows taken in San Pedro Basin waters over the 13-month study period. All tows 

were taken in the southeastern portion of San Pedro Basin, where bottom depths exceeded 823 m (indicated by the contour lines on 

the plot). 

the Southern California Borderland) includes a series of 

nearshore, intermediate, and offshore basins. The San Pe- 

dro Basin is the deepest of the three nearshore basins (the 

other two being the Santa Monica and Santa Barbara Ba- 

sins) and has a maximal depth of 912 m (Lavenberg & 

Ebeling, 1967). The area covered by the Borderland ex- 

tends in a broad arc southeastward from Point Conception 

to northern Baja California, and is commonly referred to 

as the Southern California Bight. 

All tows were taken with an open ring net having a 

mouth opening 2 m in diameter and 3 m? in area. The net 

was 9 m in length and was a cylinder-cone design, with 

the cylindrical portion 4.5 m in length. The net was con- 

structed of 505 ~m mesh Nytex cloth. Towing bridles were 

attached to opposite sides of the net ring, with the result 

that the mouth opening was nearly unobstructed during 

tows. This bridle arrangement and the large mouth size of 

the net were designed to reduce the potential problem of 

net avoidance, which was demonstrated for euthecosomes 

(McGowan & Fraundorf, 1966) and heteropods (Seapy, 

1990a) using plankton nets of different sizes. Since the 

metamorphosed larvae of euthecosomes and heteropods 

are mostly larger than about 0.5 mm, juvenile and adult 

specimens were retained in the net while most larvae were 

capable of passing through the net mesh and may or may 

not have been retained. For this reason, our sample counts 

only included juvenile and adult individuals. 

During each monthly cruise, five oblique tows (except 

in May and June with four and six tows, respectively) 

were taken to a target depth of 300 m during daylight 
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hours. This depth was chosen based on the findings of 

McGowan (1960) that the vertical ranges of most euthe- 

cosomes are limited to the epipelagic zone, and those that 

range into the mesopelagic zone decrease in abundance 

substantially below about 300 m. In his 1968 paper, 

McGowan listed most species as epipelagic, although the 

daytime ranges of several extended into the mesopelagic 

or were mesopelagic, and one, Clio polita (Pelseneer, 

1888), was bathypelagic. In the nearshore Santa Barbara 

and San Pedro Basins, the epipelagic zone ranges to 150 

m, while the mesopelagic zone lies between 150 m and 

about 600 m, with the upper mesopelagic zone extending 

to about 350—400 m (Paxton, 1967; Ebeling et al., 1970). 

Thus our oblique tows taken to a depth of 300 m in San 

Pedro Basin extend through the epipelagic and most of 

the upper mesopelagic zones. 

A Benthos Time-Depth Recorder (TDR) was secured 

to the bottom of the net ring. After completing a series 

of oblique tows, the maximal depths reached by the net 

were determined from the TDR. Despite the fact that 

there was no means of continuously monitoring the depth 

of the net, we were reasonably successful in approximat- 

ing the 300 m depth (actually achieving this depth in 11 

tows). We employed the following method that required 

adjusting the length of cable paid out during each tow. 

As the net descended, the angle of the towing cable was 

measured relative to the, vertical using a handheld wire 

angle indicator. The length of cable to be paid out was 

then calculated by dividing the target depth of 300 m by 

the cosine of the wire angle. Maximal depths of the 65 

tows taken during the study ranged from 202 m to 400 

m. Of these tows, 39 (three from each month) were se- 

lected. Except for a 400 m tow that had to be used in 

May, maximal tow depths ranged from 280 to 346 m. 

The average depth was 315.6 m, and the upper and lower 

95% Confidence Interval was 308.7 to 322.5 m, a range 

of only 13.8 m. During each tow, ship speed was main- 

tained at | knot by running on only one of the two en- 

gines. Each tow took about 40 to 45 minutes, with the 

net reaching its maximal depth within approximately 20 

minutes. 

The volume of water filtered during each tow was de- 

termined using a T.S.K. Model WA-200 Flow Meter, at- 

tached to the top center of the mouth opening of the net. 

The filtered volume was calculated based on the number 

of flow meter revolutions, the calibrated distance traveled 

by the net per flow meter revolution (0.15 m per revo- 

lution), and the mouth area of the net (3.0 m2). Filtered 

volumes averaged 8873 m? and ranged from 6445 m* to 

14,207 m3. Species abundances are reported here in num- 

bers per 10,000 m?, which is close to the average filtered 

volume of water. 

All samples were placed into 1-gallon glass jars and 

fixed in 3% Borax-buffered seawater formalin (pH 8.0). 

To assure collection of both abundant and rare species, 

the entire sample was sorted for euthecosomes and het- 
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eropods except for the March samples. Due to the ex- 

tremely large sample volumes collected during that 

month, the samples were split to one-fourth of their initial 

volumes using a Folsom Plankton Splitter. 

Species counts and identifications were made using a 

Wild M5 dissecting microscope. Species identifications of 

the euthecosomes were based on Bé & Gilmer (1977), 

while those of the heteropods followed Okutani (1961), 

Seapy (1974), Seapy & Richter (1993), and Richter & 

Seapy (1999). For certain pteropod and heteropod taxa, 

van der Spoel (1967, 1976) and van der Spoel et al. 

(1997) used the infraspecific category of “‘forma.’? How- 

ever, we have chosen not to follow this infraspecific des- 

ignation in agreement with the above-mentioned authors. 

Classification of Diacria species was reviewed and re- 

vised by Bontes & van der Spoel (1998), but our initial 

identification of specimens as D. trispinosa (de Blainville, 

1827) remained unchanged after we consulted this paper. 

Two geographically distinct varieties of Limacina heli- 

cina (Phipps, 1774) were recognized by McGowan (1963) 

from the North Pacific based on differences in shell mor- 

phology: a high-spired form with growth striae (var. A) 

and a low-spired form without striae (var. B). McGowan 

expressed this shape difference numerically as the ratio of 

shell height to diameter, which averaged 0.97 for var. A 

and 0.77 for var. B. The geographical distributions of these 

two varieties largely correspond to the distributions of two 

of the water masses of the North Pacific; var. A in the 

Subarctic Pacific and var. B in the Transition Zone. Spec- 

imens from the present study corresponded in appearance 

and shape (height to diameter ratio average = 0.70; range 

= 0.61-0.79; n = 15) to variety B (Cummings, 1995). 

Interestingly, the average value of 0.70 was somewhat low- 

er than that (0.77) found by McGowan, which could be a 

reflection of the more southerly location of our study area 

in California Current waters. 

The identity of specimens assigned to two species, Cre- 

seis virgula (Rang, 1828) and Clio pyramidata Linnaeus, 

1767, was somewhat problematical. Bé & Gilmer (1977) 

recognized three subspecies of C. virgula: virgula (Rang, 

1828), conica Eschscholtz, 1829, and constricta (Chen & 

Bé, 1964). These authors based subspecific differences on 

curvature of the shell and the presence of an expansion 

or constriction between the juvenile and adult shell. Only 

the first two subspecies are valid, however, since Wells 

(1977) showed that C. virgula constricta is the juvenile 

stage of Cuvierina columnella (Rang, 1827). In the pre- 

sent study only specimens corresponding to C. virgula 

virgula were collected. Six “‘formae”’ of Clio pyramidata 

were recognized by van der Spoel et al. (1997); the spec- 

imens collected in our study most closely resemble C. 

pyramidata forma lanceolata Linnaeus, 1767. 

RESULTS 

Ten species of euthecosomatous pteropods, belonging to 

two families (the Limacinidae and Cavoliniidae), were 
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Table | 

Ranked order of the averaged mean monthly densities 

(expressed as numbers per 10,000 m? and as percentages) 

for species of euthecosomatous pteropods and heteropods 

collected from San Pedro Basin between April 1989 and 

April 1990. 

Mean density 

(No.- 10,000 

Species m+) Percent 

Euthecosomes: 

Limacina helicina 415.1 3923 

Creseis virgula QDs 252 

Limacina inflata 152.8 14.44 

Clio pyramidata SES 4.85 

Limacina bulimoides 8.9 0.84 

Cavolinia inflexa 4.5 0.42 

Clio cuspidata 0.3 0.03 

Diacria trispinosa 0.1 0.01 

Cuvierina columnella <0.1 <0.01 

Cavolinia tridentata <0.1 <0.01 

Heteropods: 

Atlanta californiensis 196.8 18.60 

Pterotrachea coronata 0.3 0.03 

Carinaria japonica 0.1 0.01 

Atlanta peroni 0.1 0.01 

Firoloida desmaresti 0.1 0.01 

Total 1058.1 100.00 

identified from the samples collected over the course of 

the study. The limacinids were represented by three spe- 

cies of Limacina (L. bulimoides [d’Orbigny, 1836], L. 

helicina, and L. inflata [d’Orbigny, 1836]). The cavoli- 

niids included seven species belonging to three subfam- 

ilies: three Cavoliniinae (Cavolinia inflexa [Lesueur, 

1813], C. tridentata [Neibuhr, 1775], and Diacria trispi- 

nosa), three Chhoninae (Clio cuspidata [Bosc, 1802], C. 

pyramidata, and Creseis virgula), and one Cuvierininae 

(Cuvierina columnella [Rang, 1827]). 

The mean monthly densities of four euthecosomes con- 

tributed nearly 80% of the total mean density for all eu- 

thecosomes and heteropods (Table 1). In order of decreas- 

ing importance, they were Limacina helicina (415-10,000 

m-* or 39%), Creseis virgula (228-10,000 m~? or 22%), 

Limacina inflata (153-10,000 m~3 or 14%), and Clio pyr- 

amidata (51-10,000 m~? or 5%). Two species (Limacina 

bulimoides and Cavolinia inflexa) had monthly mean den- 

sities that averaged 9-10,000 m-? (or 0.8%) and 5-10,000 

Figure 2. 
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m ? (or 0.4%), respectively, while two species (Clio cus- 

pidata and Diacria trispinosa) represented less than 

1-10,000 m~? each (0.03 and 0.01%, respectively). The 

remaining two species (Cuvierina columnella and Cavo- 

linia tridentata) were each collected only once during the 

entire sampling period. 

Limacina helicina had a maximal mean density of 

2267-10,000 m-? in July, with moderately high numbers 

(between about 350 and 900-10,000 m~?) from June to 

October (Figure 2). However, from November to the end 

of the study, monthly mean densities were less than 

90-10,000 m~?. 

Creseis virgula rose steadily in abundance from June 

to August, when its peak mean density of 1626-10,000 

m~? was recorded (Figure 2). Densities then declined dra- 

matically in September (213-10,000 m+), and subsequent 

months recorded low to very low levels, except for a 

small increase in December. 

Limacina inflata had a maximal mean monthly density 

of 723-10,000 m~? in December (Figure 2), which was 

then followed, except for the inexplicably low mean den- 

sity recorded for January, by declining numbers (546 and 

212-10,000 m~*) in February and March, respectively. 

Moderately low to low numbers were recorded during the 

other months of the study. 

Clio pyramidata was collected during every month of 

the study (although in very low numbers in May 1989) 

and was absent from only three tows (Figure 2). There 

was no evident seasonal pattern to the data. Moderate 

numbers (means of 72 to 107-10,000 m~*) were recorded 

for the summer months, preceded by 2 months of very 

low densities (less than 3-10,000 m~?). The highest mean 

density (125-10,000 m~) occurred in February, and abun- 

dance in April was in the range of the summer months. 

Limacina bulimoides was most abundant (monthly den- 

sities greater than about 5-10,000 m~+) during only 3 

months (June, August, and December) of the study (Fig- 

ure 2), and it was either absent or occurred in low den- 

sities during the intervening period. 

Cavolinia inflexa had very low monthly densities (< 

1-10,000 m~3) during the first 6 months of the study (Fig- 

ure 2). However, two periods of somewhat elevated num- 

bers followed from October to December and again in 

March and April, at which time the highest monthly mean 

density (23-10,000 m~+) was recorded. 

Five species of heteropods, belonging to three families 

(Atlantidae, Carinariidae, and Pterotracheidae) were iden- 

tified: two atlantids (Atlanta californiensis Seapy & Rich- 

Monthly densities (numbers per 10,000 m*) of euthecosomatous pteropods and heteropods from epipe- 

lagic and upper mesopelagic depths in waters overlying San Pedro Basin. Mean monthly densities were calculated 

from three replicate oblique tows taken with a 3 m* ring net to a target depth of 300 m from April 1989 to April 

1990. Each monthly plot includes a horizontal bar (mean density), vertical bar (range of densities among the replicate 

tows), and rectangular box (plus and minus one standard error of the mean density). 
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ter, 1993, and A. peroni Lesueur, 1817), one carinariid 

(Carinaria japonica Okutani, 1955), and two pterotrach- 

eids (Firoloida desmaresti Lesueur, 1817, and Pterotra- 

chea coronata Niebuhr [ms. Forskal, 1775]). 

Atlanta californiensis accounted for 99.7% of the total 

mean heteropod density and, after the euthecosomes Li- 

macina helicina and Creseis virgula, ranked third in total 

mean density for all euthecosome and heteropod species 

(197-10,000 m~+) (Table 1). It increased in abundance 

from 230 and 211-10,000 m~* in May and June, respec- 

tively, to a peak of 882-10,000 m- in August (Figure 2). 

After August it declined sharply to 167-10,000 m~? in 

September, after which abundances declined steadily to a 

low of 6-10,000 m~3 in February. 

The most numerous of the remaining heteropod spe- 

cies, Pterotrachea coronata, had a mean monthly density 

of only 0.3-10,000 m~* (Table 1), with the greatest num- 

ber of individuals (five) collected in October 1989 and 

two individuals from each of three other months (June, 

December, and January). The remaining heteropods were 

collected in extremely low numbers: three Atlanta peroni 

(in June 1989 and January 1990), three Firoloida des- 

maresti (in August 1989), and two Carinaria japonica (in 

March 1990). 

DISCUSSION 

Surface flow over the Southern California Borderland is 

dominated by the Southern California Eddy, which is a 

counterclockwise-flowing extension of the California 

Current. The Eddy forms when the California Current 

turns shoreward in a broad arc onto the Borderland, most- 

ly to the south of Cortes Bank (at about 32°30'N latitude, 

119°15'W longitude). Then, upon approaching the coast, 

the Eddy turns and flows northwestward as the Southern 

California Countercurrent. Surface waters in the Califor- 

nia Current and the Southern California Eddy have flow 

maxima in the late summer and minima in the winter, at 

which time the Southern California Eddy weakens or 

breaks down altogether (Hickey, 1979, 1993). Subsurface 

flow (below about 200 m) over the Borderland is domi- 

nated by the northwesterly flowing California Undercur- 

rent, which is formed by submergence of Equatorial Pa- 

cific waters off southern Baja California (Reid et al., 

1958; Emery, 1960; Hickey, 1992). The Undercurrent has 

a seasonal flow maximum in the summer (like the Cali- 

fornia Current), a secondary maximum in the winter 

when it surfaces (Lynn & Simpson, 1990), and a mini- 

mum in the spring (Hickey, 1993). 

Images of satellite-derived sea surface temperatures 

covering the region from 20°N to 40°N and 110°W to 

135°W (National Oceanographic and Atmospheric Ad- 

ministration, National Weather Service) were analyzed 

for the first 12 months of the study (Cummings, 1995). 

Six of the images exactly matched the dates of sampling, 

whereas the other six were within | or 2 days of the 
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sampling dates. These images indicated that during the 

period of our study surface flows were in agreement with 

the long-term pattern off the west coast of the United 

States described above. The California Current strength- 

ened from spring through summer of 1989, as demon- 

strated by progressive equatorward bending of surface 

isotherms, and reached a maximum in September and Oc- 

tober. As the surface flow strengthened through the sum- 

mer, the Southern California Eddy became more promi- 

nent and also reached a maximum in September and Oc- 

tober. By December, however, it had weakened substan- 

tially and it was gone in February. 

Biogeographic patterns of a wide variety of taxa cor- 

respond with the major water mass distributions in the 

North Pacific (McGowan, 1986): Subarctic, Central North 

Pacific, Transitional, Equatorial, and Eastern Tropical Pa- 

cific. Waters overlying the Southern California Border- 

land are derived from the Subarctic, Central, and Equa- 

torial Pacific waters (Reid et al., 1958; Hickey, 1992). In 

agreement with the “transitional”? nature of the area, 

Ebeling et al. (1970) characterized the Southern Califor- 

nia Bight as an area that supports a biogeographically 

heterogeneous fauna of fishes and invertebrates. The bio- 

geographic affinities of the 10 euthecosomes and five het- 

eropods recorded in this study were obtained from the 

literature and are summarized in Table 2. 

Based on the above oceanographic features, three pat- 

terns of seasonal abundances can be hypothesized for the 

euthecosomes and heteropods recorded in San Pedro Ba- 

sin. First, epipelagic Transitional species will have a sea- 

sonal maximum during the summer months, declining dur- 

ing the fall to a winter minimum. Second, warm water 

epipelagic species will be present in low abundances year- 

round, but will increase in abundance during the spring to 

summer period of strengthened Southern California Coun- 

tercurrent flow. Third, warm water mesopelagic species 

will be present year-round, but will become more abundant 

during summer through winter months, with a winter peak 

when the California Undercurrent surfaces. 

In the following discussion, comparisons between our 

density data and those of McGowan (1967) must be qual- 

ified because of differences in plankton net design, max- 

imal tow depth, and diel period of sampling. The Cal- 

COFI samples examined by McGowan were collected 

with a 1 m, conical plankton net having a | m diameter 

mouth opening and a length of 5 m. This net had a sub- 

stantially smaller mouth area (0.785 m~*) than ours (3.0 

m~’), a similar mesh size (0.55 mm vs. 0.51 mm), and a 

considerably shallower oblique tow depth (70 m during 

1949 and 1950, and 140 m subsequently) than ours (300 

m). Because the area of the mouth opening of our net 

was nearly four times that of McGowan’s net, density 

data for those species capable of net avoidance conceiv- 

ably represent underestimates in McGowan’s data. Also, 

the substantial difference in maximal tow depth implies 

that comparisons between McGowan’s daytime samples 
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Table 2 

Geographical and daytime vertical distributions of euthecosome and heteropod species collected from San Pedro Basin. 

Based on the literature, the geographic distribution of each species in the North Pacific can be designated (after Mc- 

Gowan, 1974) as: Subarctic (SA), Central (C), Transitional (TR), Equatorial (EQ), Eastern Tropical Pacific (ETP), and 

warm water (WW). Except as noted, the latter category consists of cosmopolitan species that are broadly distributed 

through Central and Equatorial waters. Following the geographical and daytime distribution columns, the literature 

sources are given as: (1) Bé & Gilmer (1977), (2) Fager & McGowan (1963), (3) McGowan (1963), (4) McGowan 

(1968), (5) McGowan (1971), (6) Michel & Michel (1991), (7) Pafort-van Iersel (1983), (8) Seapy (1990b), (9) Seapy 

(unpublished), (10) Seapy & Richter (1993), (11) Wormelle (1962), (12) Wormuth (1981), (13) van der Spoel et al. 

(1997). 

Geographical Literature Daytime Literature 

Species distribution source distribution source 

1. Transitional epipelagic species: 

Euthecosomata— tt” 
Limacina helicina var. B TR 8} epipelagic 1, 4 

Heteropoda— 

Atlanta californiensis TR 10 epipelagic 9 

Carinaria japonica TR 5 epipelagic 9 

2. Warm-water epipelagic species: 

Euthecosomata— 

Creseis virgula WW WS 28) epipelagic 1, 4, 12 

Limacina bulimoides Ww* yn) epipelagic [As 2 

Cavolinia inflexa ww* LN W2EES epipelagic 1, 4, 12 

Cavolinia tridentata WW eS) epipelagic 4 

Cuvierina columenlla WW 1 epipelagic 1, 4 

Heteropoda— 

Atlanta peroni q WW 13 epipelagic 6, 8 

Firoloida desmaresti WW 13 epipelagic 8 

3. Warm-water mesopelagic species: 

Euthecosomata— 

Limacina inflata WW nS) mesopelagic a2 

Clio pyramidata ww* 2S mesopelagic 4,12 

Clio cuspidata WW l mesopelagic 12 

Diacria trispinosa WW EES mesopelagic 

Heteropoda— 

Pterotrachea coronata WW 13 mesopelagic ie) 

* Highest abundance in Central waters (1, 2); present in low abundance or absent in Equatorial waters, especially in the Eastern 

Tropical Pacific (5). 

and ours are problematical for species whose ranges ex- 

tend into waters below his maximal tow depths. Noctur- 

nal migrations have been documented for a number of 

lower epipelagic and mesopelagic species of eutheco- 

somes (Wormuth, 1981; Wormelle, 1962) and heteropods 

(Pafort-van Iersel, 1983; Seapy, 1990b). Thus Mc- 

Gowan’s nighttime tows are probably more comparable 

with our tows because nocturnal migrators from depths 

below the maximal depths of his tows were undoubtedly 

represented in his nighttime samples. 

Transitional Epipelagic Species 

Three species (Limacina helicina var. B, Atlanta cali- 

forniensis, and Carinaria japonica) are included in this 

group (Table 2). Because the surface waters overlying the 

San Pedro Basin are primarily derived from the south- 

ward-flowing California Current, one would predict that 

the most abundant species in our study would be Tran- 

sitional. In agreement, L. helicina and A. californiensis 

were the first and third most abundant species, respec- 

tively, in our study. However, C. japonica was surpris- 

ingly uncommon (only two specimens were collected in 

the entire study). Both L. helicina and A. californiensis 

exhibited abundance maxima in the summer and minima 

in the winter. McGowan (1967) recorded L. helicina in 

moderate to high densities in waters off central and south- 

ern California from April to August, although the period 

of highest abundance in our study was 2 months later 

(June to October). Because A. californiensis was not rec- 

ognized at the time of McGowan’s study, no comparisons 

with his records are possible. 

Patterns of distribution and abundance of Carinaria ja- 
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ponica from Borderland and oceanic waters off southern 

California were studied by Seapy (1974). He found sum- 

mer maxima and winter minima; thus supporting its clas- 

sification as a Transitional species. The CalCOFI records 

obtained by Dales (1953) and McGowan (1967) for C. 

Japonica showed seasonal patterns of distribution and 

abundance in the California Current that were basically 

in agreement with the results of Seapy (1974), 1.e., max- 

imal densities off southern California occurred in the 

summer. 

Warm Water Epipelagic Species 

Five of the euthecosomes and two of the heteropods 

collected in the present study are recognized as warm 

water epipelagic species, although two of the eutheco- 

somes (Limacina bulimoides and Cavolinia inflexa) are 

most abundant in Central waters (Table 2). Meeting the 

hypothesized criterion of low abundance, the two heter- 

opods and two of the five euthecosomes were collected 

in extremely low numbers (means of 0.1-10,000 m~? or 

less). Among the three remaining euthecosomes (Creseis 

virgula, Limacina bulimoides, and Cavolinia inflexa), 

only C. virgula was abundant (ranking second to Lima- 

cina helicina, with a mean density of 228-10,000 m~%), 

while the other two species had very low mean densities 

(9 and 5-10,000 m~3, respectively). Classification of C. 

virgula as a warm water species is in agreement with 

McGowan (1967), who showed that this species was ab- 

sent from California Current waters north of Point Con- 

ception. South of Point Conception, McGowan’s data in- 

dicated that C. virgula increased in abundance from June 

(in offshore and southern waters) to a maximum in Oc- 

tober (in a broad area extending to the southeast of Point 

Conception). In San Pedro Basin, we found that its abun- 

dance was variable during most of the year (below about 

250-10,000 m~+) except for higher numbers in July and a 

maximum in excess of 1,500-10,000 m~? in August. Thus, 

our results support the above hypothesis of low abun- 

dance with a summertime peak occurring at the time of 

increased Southern California Countercurrent flow. 

Limacina bulimoides is distributed primarily in Central 

waters (Bé & Gilmer, 1977), and is absent from the East- 

ern Tropical Pacific (McGowan, 1960, 1971). In his 1967 

CalCOFI atlas, McGowan reported L. bulimoides in low 

numbers. Further, it was collected infrequently in offshore 

waters and was not recorded from nearshore waters, in- 

cluding the Southern California Bight. Thus, our results 

do not agree with those of McGowan. Although present 

in low numbers during most of the year in San Pedro 

Basin, L. bulimoides had elevated densities in June and 

August, suggesting a summertime increase when South- 

ern California Countercurrent flow is maximal. However, 

the high mean density recorded in December does not fit 

the hypothesized seasonal pattern for epipelagic warm 

water species. 
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In the North Pacific, the range of Cavolinia inflexa is 

largely limited to subtropical latitudes, mostly in Central 

waters (McGowan, 1960). In the California Current, 

McGowan (1967) recorded it almost exclusively from wa- 

ters south of Point Conception and to the south and off- 

shore from the Southern California Bight, and the highest 

densities occurred in April of 1952. We recorded the high- 

est densities of C. inflexa in April of 1990, although low 

numbers (mean monthly densities of less than 11-10,000 

m+) occurred during the other months of the study. 

Warm Water Mesopelagic Species 

Five species (four euthecosomes and one heteropod) 

are included in this category. Two (Limacina inflata and 

Clio pyramidata) were moderately abundant in our study 

(the fourth and fifth ranked species, respectively), while 

the others were infrequently collected and had very low 

mean densities; 0.3-10,000 m~? (Clio cuspidata and Pter- 

otrachea coronata) and 0.1-10,000 m~? (Diacria trispi- 

nosa). In basic agreement with our results, McGowan 

(1967) recorded D. trispinosa from a limited number of 

stations that were mainly in offshore waters and C. cus- 

pidata at only two offshore stations, with neither species 

occurring off southern California. Because all of these 

species occur primarily in mesopelagic waters during the 

day and migrate into the epipelagic zone at night, the 

daytime data collected in our study undoubtedly represent 

underestimates of the true population densities. 

In California Current waters ranging from central Cal- 

ifornia to Baja California, McGowan (1967) recorded Li- 

macina inflata as moderately to highly abundant, and dur- 

ing April 1950 and 1952 it occurred in Borderland waters. 

We found highest densities of L. inflata from December 

through March, with much lower numbers at other times 

of the year. Because McGowan did not include these 

months in his atlas, we can not compare our results with 

his for the same time period. Our findings of maximal 

densities during the winter, followed by decreasing num- 

bers in the spring support the hypothesis that this pri- 

marily mesopelagic species becomes maximally abundant 

when the California Undercurrent surfaces. 

Over a broad region of the California Current (from 

central California to southern Baja California), Clio pyr- 

amidata occurred patchily and mostly in low densities 

(McGowan, 1967). In agreement with McGowan, we 

found that C. pyramidata was present year-round and in 

moderately low densities (monthly means of less than 

125-10,000 m~3), with no evidence for a wintertime den- 

sity maximum associated with surfacing of the California 

Undercurrent. 
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Abstract. The mean karyotypes of four populations of Diplodon chilensis chilensis (Gray, 1828) (two lentic and two 

lotic) inhabiting the south of Chile are described and compared. Chromosomes were obtained by squash of cleaving 

embryos, previously treated with colchicine, fixed in ethanol-acetic acid 3:1 at 4°C, and stained using the Feulgen 

reaction. The karyotype of the four populations is 2n = 34, with metacentric and submetacentric chromosomes. In the 

population from the Peu-Peu stream, the centromeric position in two chromosome pairs (3 and 10) differs significantly 

from that in the corresponding pairs from the other populations. Karyotype findings of this study do not support the 

proposal that the differences described between lentic and lotic populations of D. ch. chilensis may result from genetic 

differentiation among populations. This study is an initial contribution to the knowledge of cytogenetic characteristics 

in Chilean populations of Diplodon chilensis chilensis. 

INTRODUCTION 

Diplodon chilensis chilensis (Gray, 1828) is a freshwater 

bivalve widely distributed in lakes and rivers in central 

and southern Chile, including Chilean and Argentinian 

Patagonia (Peredo & Parada, 1986). In recent years, 

changes have occurred in the waters inhabited by popu- 

lations of this species, accompanied by serious pollution 

by a number of biological and chemical agents. As a re- 

sult, many of these populations, especially in the rivers, 

have been depleted. 

It is generally accepted that the preservation of biodi- 

versity requires the maintenance of genetic diversity with- 

in species, especially those which are endangered (Berg 

et al., 1998). This in turn supposes the need for contri- 

butions of up-to-date information on the reproductive, 

ecological, and genetic characteristics of the species, 

which together may be used to develop conservation 

strategies with the aim of preserving the genetic diversity 

of D. ch. chilensis. 

The reproductive and ecological characteristics of Di- 

plodon chilensis have been extensively described and dis- 

cussed by Parada et al. (1989a, b and 1990), and Parada 

& Peredo (1994). These studies demonstrate that individ- 

uals of lentic and lotic populations of D. ch. chilensis 

vary widely between populations, both in phenotype and 

in their life strategies. 

Parada & Peredo (1994) proposed the hypothesis that 

the differences described between river and lake popu- 

* Corresponding author. 

lations correspond to different patterns of phenotype plas- 

ticity as an adaptive response to the particular environ- 

mental conditions of the population’s habitats. In this 

study we suggest the possibility that these differences 

may result from genetic differentiation among the popu- 

lations, with phenotype plasticity superimposed. This ge- 

netic differentiation, depending on its magnitude, may in- 

volve mechanisms of chromosome evolution (rearrange- 

ment, duplication) which could have generated significant 

changes in the karyotype morphology of some popula- 

tions. There are no previous genetic studies whose results 

would serve to either confirm or refute this prediction. 

The aim of this study is to describe and compare the 

karyotypes of two lentic populations located in different 

hydrographic systems (Lake Villarrica, which belongs to 

the River Tolten basin, and Lake Panguipulli, belonging 

to the River Valdivia basin) and two lotic populations in 

streams (Peu-Peu and Botrolhue) which are tributaries of 

the River Cautin, belonging to the River Imperial basin. 

MATERIALS AND METHODS 

One hundred adult specimens from each population of 

Diplodon chilensis chilensis were used, taken from two 

lentic environments: Lake Villarrica (39°18’S, 72°05’W) 

and Lake Panguipulli (39°43’S, 72°13’W) and two lotic: 

Botrolhue stream (38°43'S, 72°45'W) and Peu-Peu stream 

(38°31'S, 72°22'W) all belonging to hydrographic sys- 

tems in the south of Chile (Figure 1). The description of 

the karyotype of the Lake Villarrica population was taken 

from Jara-Seguel et al. (2000). 
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Figure 1. 

Villarrica. 3. Botrolhue stream. 4. Peu-Peu stream. 

In the laboratory, the specimens were sexed, and cleav- 

ing embryos were removed from the inner demibranchs 

of gravid females. The embryos were treated with col- 

chicine at 0.05% for 3 hours, fixed in ethanol-acetic acid 

3:1 at 4°C for 24 hours, and stained using the Feulgen 

reaction. The chromosomes were obtained by squash. For 

each population, 60 metaphase plates were counted, using 

embryos extracted from 10 to 15 females, and the 10 

plates with clearest results were photographed. In pho- 

tographs, the chromosomes were measured and the rela- 

tive length was determined (expressed as a percentage of 

the total haploid set length). The absolute lengths (in im) 

of the short arm (SA) and long arm (LA) were established 

for each chromosome pair. The values for mean relative 

length for SA and LA for each population (+ confidence 

interval at 95%) were displayed in a karyo-idiogram (Pal- 

ma-Rojas et al., 1997). Ten karyotypes were prepared for 
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Geographic location of the areas inhabited by the populations of D. ch. chilensis studied. 1. Lake Panguipulli. 2. Lake 

each population. The mean absolute chromosome size 

values were compared using ANOVA and L.S.D. tests at 

95% confidence. 

RESULTS 

The four populations of D. ch. chilensis studied show a 

diploid karyotype of 2n = 34 (Figures 2a—d). 

The karyio-idiogram (Figure 3), shows that the kar- 

yotype for the Lake Villarrica, Lake Panguipulli, and Bo- 

trolhue stream populations is composed of nine pairs of 

chromosomes located in the metacentric area (m) and 

eight pairs located in the submetacentric area (sm). On 

superimposing the confidence intervals for the relative 

lengths of the short arm and long arm for the equivalent 

chromosome pairs in these populations, it can be seen that 

there are no significant differences in the centromeric po- 
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sition (P > 0.05), which would therefore indicate that 

these three populations share a similar karyotype mor- 

phology. 

The population from the Peu-Peu stream shows two 

pairs of chromosomes (3 and 10) in which the centro- 

meric position differs significantly from that in the cor- 

responding pairs from the other three populations. Pairs 

5 (sm), 7 (m), 8 (m), and 9 (sm), when their confidence 

intervals are superimposed, show no significant differ- 

ences in their chromosome morphology when compared 

with the corresponding pairs in the other populations. 

An important cytogenetic factor in this study was the 

observation in the Lake Panguipulli population of a sec- 

ondary subtelomeric constriction in the short arm of chro- 

mosome pair number 6 (Figure 2b). This secondary con- 

striction is probably the carrier of an active nucleolar or- 

ganizer region (NOR). This chromosome pair is also 

characterized by the fact that it is heteromorphic, since 

the secondary constriction is only apparent in one of the 

chromosomes of the pair. This characteristic was ob- 

served in 60% of the total metaphasic plates analyzed. 

The relative and absolute size of each chromosome pair 

for the karyotype of each of the four populations is shown 

in Table 1. The first two chromosome pairs in each pop- 

ulation, whose relative length is greater than 8%, are 

twice the length of the small chromosomes in pairs 16 
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0.0 1.0 2.0 4.0 5.0 6.0 
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Figure 3. Karyo-idiogram of Diplodon chilensis lentic and lotic populations. t = telocentric; st = subtelocentric; sm = submetacentric; 

m = metacentric LA = long arm; SA = short arm; C = chromosome size percentage. Vertical and horizontal bars represent 95% 

confidence interval. ®@ = Lake Panguipulli and Lake Villarrica populations; O = Peu-Peu and Botrolhue stream population. 

and 17, whose relative lengths do not exceed 5% (Fig- 

ure 2). 

DISCUSSION 

The characteristics of the karyotype morphology ob- 

served in the Villarrica (Jara-Seguel et al., 2000), Pan- 

guipulli, Botrolhue, and Peu-Peu populations, based on 

the terminology established by Stebbins (1971), allow us 

to classify the karyotype of Diplodon chilensis chilensis 

as moderately symmetrical, since, although it is com- 

posed of metacentric and submetacentric chromosomes, 

there is a marked difference in the relative size of the 

chromosomes (Table 1). 

The only known information on the chromosome num- 

bers of phylogenetically related species to Diplodon are 

for populations of Unio tumidus Philipsson, 1788, and U. 

pictorum (Linnaeus, 1758) (Unionidae) reported by Bar- 

siené (1994). These species show a diploid karyotype of 

2n = 38 with metacentric and submetacentric chromo- 

somes. 

The heteromorphism described between the chromo- 

somes of the pair number 6 in the Lake Panguipulli pop- 

ulation may be explained by a differentiating transcrip- 

tional function of the ribosomal genes, similar to that de- 

scribed in the karyotype of Tiostrea chilensis (Ladr6n de 

Guevara et al., 1996). The use of silver staining tech- 

niques will make it possible to identify unequivocally the 

location of active ribosomal genes within the karyotype. 

When the average absolute chromosome size for the 

Villarrica, Botrolhue, and Panguipulli populations is com- 

pared, very similar values are observed, which do not 

differ significantly from one population to another (P > 

0.05). However, the chromosome size in the Peu-Peu pop- 

ulation is significantly greater (P < 0.05) as compared to 

the other three populations (Table 2). These differences 

suggest a probable increase in the nuclear DNA content 
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Table 2 

Total haploid set length and chromosome mean size (+ 

standard deviation) for the populations of Diplodon chi- 

lensis chilensis studied. Mean karyotype values of Unio 

tumidus from Barsiené (1994). Length and sizes in pm. 

Total 

haploid Chromosome 

Populations set length mean size 

Lentic populations: 

Lake Villarrica Shy SS) Oo 

Lake Panguipulli 57.9 3:40 + 1.13* 

Lotic populations: 

Botrolhue Stream 58.4 3.40 + 0.96* 

Peu-Peu Stream 65.3 3.84 + 0.96** 

Unio tumidus (2n = 38) 64.4 3.39 

*p > 0.05. 

** D < 0.05. 

in this population, which may be associated with the oc- 

currence of duplications of some DNA sequences, prob- 

ably of constituve heterochromatin. It should be possible 

to confirm the distribution and content of this chromatin 

within the karyotype of these populations by utilization 

of the C-banding technique (Martinez et al., 2001). 

Based on the cytogenetic characteristics described for 

D. ch. chilensis, in conjunction with data already avail- 

able in the literature for Unio (Barsieneé, 1994), it is pos- 

sible to suggest, at least in part, that chromosome mor- 

phology with submetacentric and metacentric tendencies 

is a highly conserved karyotype characteristic, probably 

ancestral at order level among the Unionoida. This chro- 

mosome morphology is also shared among species of oth- 

er bivalve groups such as the Ostreidae, Mytilidae, and 

Pectinidae (Ladrén de Guevara et al., 1996; Palma-Rojas 

et al., 1997; Méndez et al., 2001). 

Karyotype findings of this study do not support the 

proposal that the differences described by Parada & Per- 

edo (1994) between river and lake populations of D. ch. 

chilensis may result from genetic differentiation among 

the populations. Therefore, on karyotype alone, there are 

not two categories of populations, lentic and lotic. In ad- 

dition, the fact that the samples come from different hy- 

drographic systems and drainages adds another uncon- 

trolled variable, in that the discontinuity between two 

drainages itself implies some degree of isolation and re- 

productive discontinuity among the studied populations. 

The cytogenetic information obtained in this study 

forms an initial contribution to the knowledge of cyto- 

genetics characteristics in Chilean populations of D. ch. 

chilensis. This cytogenetic knowledge, together with mo- 
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phological, reproductive, and ecological contributions and 

the incorporation of molecular marker analysis, will fa- 

cilitate a better understanding in the future of the evolu- 

tionary and taxonomic relationships between different 

populations of Diplodon chilensis chilensis and with other 

species of this genus and of other genera of the Hyriidae. 
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Larval and Early Juvenile Development of the Wavy Turban Snail, 
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Abstract. Larval and early juvenile development in Megastraea undosa was observed over 70 days under static 

culture conditions at temperatures ranging from 17°C to 20°C. The larvae were fed Nannochloropsis oculata and Phaeo- 

dactylum tricornotum microalgae. Embryonic development from fertilized egg to competent larval stage lasted 5 days. 

Teleoconch secretion occurred on day 9. Onset of shell edge crenulations and whorl elevation occurred on days 17 and 

30, respectively. Shell pigmentation began on day 45. The growth rate was 14.41 pm-day!. 

INTRODUCTION 

The use of artificial collectors to estimate invertebrate 

larvae settlement rates has been regarded as an indicator 

of recruitment variability at the larval level, particularly 

in commercial fishery species, such as abalone and lob- 

ster (Keesing et al., 1995; Nash et al., 1995; Phillips & 

Cobb, 2000). 

In Baja California, recent experiments have involved 

artificial settlhement collectors to catch abalone larvae 

(Ponce-Diaz, unpublished data). Samples obtained by this 

method have revealed many taxa, compelling the authors 

to expand the scope of their studies on larval recruitment 

to other gastropods [Megastraea undosa (Wood, 1828), 

Tegula eiseni (Jordan, 1936), 7. aureotincta (Forbes, 

1850), and Megathura crenulata (Sowerby, 1825)]. These 

species are co-dominants in the rocky bank habitat where 

abalone live (Guzman del Pro6o et al., 1991). 

Attempts to quantify post-larval recruitment of the co- 

dominant species met with a dearth of literature to assist 

in their identification at the larval stage. Although Me- 

gastraea larvae have been used in experiments in some 

studies (Yool et al., 1986; Carpizo & Rosa-Velez, 1993), 

there are no descriptions of their larval development. In 

the case of Tegula, Moran (1997) described the devel- 

opment of the species T. funebralis (Adams, 1855), but 

no information on this subject was found for Megathura 

crenulata. 

Therefore, to understand larval development in these 

species and acquire reference collections for their iden- 

tification, the authors performed experimental laboratory 

culture studies on some of these gastropods. This paper 

* Corresponding author: serviere@cibnor.mx 

presents the results of the early development of the wavy 

turban snail, Megastraea undosa, during the first 70 days 

of development. Some previous studies have referred to 

this species by the name Astraea undosa. 

MATERIALS anpD METHODS 

Collection and Holding of Specimens 

In June 2001, 24 adult specimens of Megastraea un- 

dosa (basal diameter > 90 mm) were collected at Los 

Morros, Bahia Tortugas, B.C.S. at a depth of 12 m. The 

specimens were taken to the CIBNOR laboratory near La 

Paz, B.C.S. in a cooler, maintaining humid conditions by 

placing the specimens between layers of the macroalgae, 

Macrocystis pyrifera, (L.) C. Agardh at an interior tem- 

perature of 10°C. 

In the laboratory, the specimens were placed in circu- 

lar, 1.5 m diameter tanks with a 200 L capacity. Seawater 

in the tank was kept at 19°C with constant aeration. The 

specimens were fed. rehydrated macroalgae leaves (Ma- 

crocystis pyrifera), and the water and food were entirely 

replaced every 2 days. 

Gonad Conditioning 

To attain maximum gonadal development, specimens 

were fed ad libitum and kept at a constant temperature 

of 19°C, which is the average seawater temperature in the 

Bahia Tortugas area during the spawning season of Hal- 

iotis, Megastraea, Tegula, and other gastropods (personal 

observation). To observe gonadal maturation, a slit was 

made on the third whorl of the shell with a high-speed 

drill or a fine file. Coloration of gonads (cream-colored 

in males and moss green in females) allowed gender de- 
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termination. Through the slit we took samples for obser- 

vation of the degree of gamete development. 

Induced Spawning 

After 140 days of gonad conditioning, an attempt was 

made to induce spawning by submitting 12 snail speci- 

mens to abrupt temperature changes. The temperature 

shifts went from 19°C to 28°C and then reversed. The 

procedure was repeated a second time. Each temperature 

change was maintained for 1.5 hours. 

Sieving of Embryos and Larvae 

Embryos were sieved with 236, 160, 140, and 100-jm- 

pore-size Nytex mesh to remove organic waste. Sieving 

was done every 4 days throughout the experiment. Ben- 

thic post-larvae were fed microalgae (Nannochloropsis 

oculata Droop & Hibberd, 1977, and Phaeodactylum tri- 

cornotum Bohlin, 1974) in a 1:1 ratio. Observation and 

recording of morphological changes were made with a 

video monitor attached to a microscope. Seawater con- 

taining larvae and early juveniles was maintained at 17°C 

to 20°C. 

RESULTS 

Removal and: Maintenance 

Handling and transporting of adult M. undosa in cool- 

ers in a humid environment proved effective. No deaths 

occurred following 14 hours of transport. During the first 

3 days in the laboratory, the specimens did not eat the 

rehydrated Macrocystis pyrifera, but accepted it later as 

a regular diet throughout the experiment. 

Induced Spawning and Fertilization 

Induced spawning produced no immediate results. One 

week later, a spontaneous first spawning occurred. Two 

additional spawnings occurred, separated by 1-week in- 

tervals. The snails released gametes as pulses, raising the 

shell and spinning it rapidly from right to left with each 

gamete ejection. Fertilized eggs settled to the bottom of 

the tank where they were collected for transfer to cultur- 

ing aquariums. For the uncontrolled spawning, polysper- 

mia was prevented by sieving the embryos. 

Development 

Observations were made from the time of fertilization 

through the early juvenile phase. The following descrip- 

tions identify the stages and the more prominent changes 

in the development of the species. 

Embryonic Development 

Day 1. Fertilized eggs range in diameter from 160 to 

180 um. The first polar body forms 30 to 45 min (1) after 
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fertilization. The second polar body appears 60 to 90 min 

after fertilization; immediately followed by the first cleav- 

age, resulting in two same-sized cells. Subsequent cleav- 

ages occur at 90 to 120 min intervals (stage 2). 

Morula development occurs at 3 to 4 hr, with diameters 

ranging from 170 to 190 pm (stage 3). Ciliated gastrulae, 

180 to 210 wm in diameter, form at 9 to 10 hr and remain 

enclosed in the egg membrane (stage 4). Embryonic 

trochophores, 190 to 220 ym in diameter, form at 12 to 

13 hr (stage 5). Once the embryo becomes elongated, the 

prototrochal girdle begins to develop at one end (6). Lat- 

er, two lateral tufts appear on the base (7). 

The developing trochophore forms at 15 to 18 hr and 

is 190 to 230 pm long. The prototrochal girdle and the 

lateral tufts provide a spinning motion on the longitudinal 

axis involving powerful, one-way movements in the di- 

rection of the anterior end of the embryo. When the 

trochophore breaks the enveloping membrane (8), it be- 

comes a free-swimming trochophore (9). Shell secretion 

begins at the posterior end (10). Preveliger larvae (stage 

11) occur when the larval shell (12) covers the posterior 

region of the trochophore at 22 to 24 hr. 

Day 2. Early veligers (stage 13) are 190 to 230 pm 

long. Veliger larvae, prior to torsion, extend the ciliary 

base of the velum (14) and there is notable growth of the 

cilia, as well as greater motility of the larva. The ap- 

pearance of two grooves, resembling longitudinal lines, 

appears on the shell (15). 

Day 3. Veliger larvae (stage 16) extend to 200 to 250 

p.m in length. The fully formed shell covers the body near 

the base of the velum (17). After torsion, formation of 

the cephalo-pedal mass (18) and the operculum (19) be- 

gins. The velum becomes smaller and branches into two 

sections (20), which lengthen to form the lateral cephalic 

tentacles. The cilia of the velum loosen. 

Day 4. Late veligers (stage 21). The foot displays re- 

tractile movements (22). Eye spots become apparent. The 

larvae exhibit exploratory movements, hurling them- 

selves to the bottom of the container and swimming once 

more in the water column in search of attachment sub- 

strates. 

Benthic Phase 

Day 5. The larvae range from 230 to 270 pm, settle 

on the bottom to initiate the benthic phase (stage 23). 

Tentacles develop with six papillae each (24) and an ad- 

ductor integument is present in the shell (25). 

Day 9. Crawling post-larvae (stage 26) are 290 to 330 

wm long. Eyes are fully visible, cephalic tentacles have 

10 papillae, vigorous active cephalo-pedal mass and am- 

ber-colored digestive gland are present. The anterior por- 

tion of the larval shell displays a suture (27), from which 

a new or teleoconch will begin to grow (28). 

Day 17. Very active post-larvae reach 358 to 385 wm 

in length (stage 29). They attach firmly to the substrate 
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Table | 

Development times in Megastraea undosa from embryo to juvenile under laboratory conditions, with temperature range 

of 17°C to 20°C. 

Stage Time 

First polar body 

Second polar body 

Onset of cleavages 

Morula 

Ciliate gastrula 

Embryonic trochophore 

Trochophore 

Preveliger 

Early veliger 

Veliger 

Late veliger 

Settlement (benthic phase) 

Crawling post-larva, secretion of larval shell 

Post-larva, swelling of shell edges 

Juvenile, crenulation of edges, elevation of teleoconch 

Juvenile, crenulated whorl, brown pigmentation 

Juvenile, heavily crenulated and whorled shell, dark pigmentation of 

cephalic region 

30—45 min 

60-90 min 
> 90-120 min 

3—4 hr 

9-10 hr 

12-13 hr 

15-18 hr 

22-24 hr 

2 day 

3 day 

4 day 

5 day 

9 day 

17 day 

30 day 

45 day 

70 day 

and easily resist water disturbance. Swelling of the two 

edges or parallel ribs runs the length of the teleoconch, 

and its shape in cross section changes from cylindrical to 

quadrangular. 

Juveniles 

Day 30. Juveniles (stage 30) reach shell length of 530 

to 840 wm. The cephalic portion of the shell becomes 

curved, elevating the whorl. There is greater calcification 

of the edges of the teleoconch (31). One edge begins to 

develop a crenulated ornamentation resembling the one 

in adult snails (32). Tentacles exhibit 12 to 14 papillae. 

Day 45. Juveniles reach a length of 670 to 990 pm. 

The first whorl is now distinctly formed. The spiny cren- 

ulated external edge of the shell becomes more pro- 

nounced. Pigmentation of the smooth edge of the teleo- 

conch, in the form of brown spots, now begins. 

Day 70. Juveniles attain a shell length of 1035 to 1464 

ym, and are distinctly curved upward and display little 

activity. The teleoconch rises and spiral growth is very 

evident, particularly in dorso-ventral view (stage 33). The 

crenulated edge (34) and the heavily colored smooth edge 

(35) are now easily recognized. Dark pigmentation begins 

to appear in the cephalic region. 

Table | and Figure | summarize the various develop- 

mental stages and structures described above. The aver- 

age rate of growth was 14.41 m-day~! (Figure 2). 

DISCUSSION 

Maintenance of adult M. undosa specimens in the labo- 

ratory poses no major difficulties, since all specimens sur- 

vived the 6 month test period. The wavy turban snail 

tolerates handling and adapts well to monospecific rehy- 

drated algae diets. Gonad conditioning, however, required 

a long time when compared to laboratory studies of pec- 

tinids and venerids (Maeda et al., 1989: Tripp, 1985; 

Loosanoff, 1937). These two bivalves normally require 

30 days of conditioning, while M. undosa attained its first 

spawning in 150 days. In the wild, M. undosa begins to 

spawn in September and reaches its reproductive peak in 

October/November (Belmar Pérez et al., 1991). Lengthy 

conditioning might be related to the degree of maturity 

of the specimens sampled, effects of feeding on a mono- 

specific diet, and/or response to a static set of culture 

conditions. 

Response to thermal treatment to induce spawning was 

not immediate, occurring 6 days after stimulation. Al- 

though spawning was spontaneous, we take it to be a late 

response, since untreated specimens did not spawn. Spon- 

taneous spawnings at | week intervals in the stimulated 

specimens suggest that, once the gonad is conditioned, 

gamete release occurs in pulses. This agrees with obser- 

vations of populations in natural settings, where the spe- 

cies is capable of behaving as a full- or partial-spawner, 

depending on environmental conditions (Belmar-Pérez et 

al., 1991). 

Benthic diatoms are frequently used to feed post-larval 

gastropods during the benthic phases (Kawamura et al., 

1998). In this experiment the pelagic microalgae Nan- 

nochloropsis oculata and Phaeodactylum tricornotum 

proved beneficial, allowing the specimens to develop up 

to the juvenile stage before switching to a macroalgae 

diet. Comparison of embryonic development with closely 
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Figure 1. Developmental stages of Megastraea undosa from egg to 70 days. 1. Fertilized egg and formation of first polar body. 2. 

Cell cleavages (8 cells). 3. Morula. 4. Gastrula. 5. Formation of trochophore. 6. Prototrochal girdle. 7. Presence of cilia. 8. Hatching of 

trochophore larva. 9. Free trochophore. 10. Onset of larval shell formation. 11. Preveliger. 12. Larval shell. 13. Early veliger. 14. 

Development of the velum. 15. Longitudinal grooves. 16. Veliger. 17. Full shell covering the entire body. 18. Cephalo-pedal mass. 19. 

Operculum. 20. The velum splits into two masses. 21. Late veliger. 22. Retractile foot. 23. Benthic post-larva. 24. Cephalic tentacles 

with papillae. 25. Shell adductor integument. 26. Crawling post-larva. 27. Suture, marking the beginning of the teleoconch. 28. Teleo- 

conch. 29. 17-day-old juvenile, development of teleoconch and initial swelling of edges. 30. 30-day-old juvenile. 31. Edges of the 

teleoconch. 32. Onset of crenulate ornamentation on one edge. 33. 70-day-old juvenile. 34. Crenulated edge. 35. Smooth pigmented 

edge. 
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Figure 2. Post-larval and juvenile growth of Megastraea un- 

dosa. Day O corresponds to early veliger stage. 

related species that occupy the same community reveals 

that the size of eggs, trochophores, and veligers is similar 

to the ones reported in other gastropods, such as Haliotis 

spp. (Sawatpeera et al., 2001) and Tegula funebralis 

(Moran, 1997). Likewise, onset of the benthic phase in 

M. undosa occurs on day 5 of development, similar in 

fashion to Haliotis spp., which usually settle to the bot- 

tom between day 4 and day 5 (Mgaya, 1995). 

The process of early developmental stages of M. un- 

dosa may help us to understand the life stages leading to 

recruitment in more detail, and eventually the dynamic 

population of this species and abalone, which constitute 

a significant part of the animal biomass of benthic com- 

munities in Baja California. Additionally, these data pro- 

vide the groundwork for developing artificial cultures of 

M. undosa, as fishing pressure is becoming more severe. 

Culturing of the species may be necessary in the very 

near future. 
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Thin Layer Chromatographic Analysis of Neutral Lipids and Phospholipids 

in Helisoma trivolvis (Colorado Strain) Maintained on a High Fat Diet 
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Abstract. Thin layer chromatographic analysis was used to determine neutral lipids and phospholipids in Helisoma 

trivolvis (Colorado strain) snails maintained on a high fat diet of hen’s egg yolk. Whole snail bodies, the digestive gland- 

gonad complexes (DGGs), and plasma samples were analyzed for lipids. The mean percentage values of free sterols, 

free fatty acids, triacylglycerols, methyl esters, steryl esters, phosphatidylcholine (PC), and phosphatidylethanolamine 

(PE) in snail whole bodies fed yolk were 1.9, 2.3, 9.2, 2.8, 63, 3, and 5.6 times higher, respectively, than those fed 

lettuce. The mean percentage values of free sterols, free fatty acids, triacylglycerols, methyl esters, steryl esters, PC, 

and PE in the DGGs of snails fed yolk were 3.0, 2.2, 3.0, 6.4, 58, 1.4, and 3.4 times higher, respectively, than those on 

the lettuce diet. Only free fatty acids and PC were detected in plasma, and the respective concentrations were 1.9 and 

3.4 times higher in the plasma of the snails on the yolk diet compared to those on the lettuce diet. This research shows 

that H. trivolvis, in addition to Biomphalaria glabrata, is a useful pulmonate to study the effects of a high fat diet on 

hyperlipidemia and hyperlipemia in snails. 

INTRODUCTION 

Fried et al. (1989) induced elevated levels of lipids in the 

tissues and hemolymph of the medically important pla- 

norbid snail Biomphalaria glabrata (Say, 1816) by feed- 

ing snails on a high lipid diet of hen’s egg yolk. Biom- 

phalaria glabrata maintained on the egg yolk diet have 

been used to study nutrition in uninfected snails and those 

infected with larval schistosomes and echinostomes (see 

reviews in Fried & Sherma, 1990, 1993). 

One of us (BF) has maintained a continuous culture of 

a Colorado strain of the planorbid Helisoma trivolvis 

(Say, 1816) for about 15 years. This strain is refractory 

to miracidial infection by schistosomes and echinostomes, 

lacks melanin, has an orange-red body, and has been used 

extensively in neurobiology (see Kater, 1974). This snail 

is easy to maintain in the laboratory on a leaf-lettuce diet, 

and an earlier study by Park et al. (1991) examined neu- 

tral lipids in an H. trivolvis strain maintained on a lettuce- 

Tetramin diet. To date the only studies on the effect of 

high fat diet on snails are those that use B. glabrata. The 

purpose of this study was to show the usefulness of H. 

trivolvis as a model to study the effects of a high lipid 

diet on hyperlipidemia and hyperlipemia in a pulmonate 

snail. H. trivolvis is easier to maintain in simple cultures 

at room temperature than is B. glabrata and provides a 

useful model for experimental dietary studies. 

> Author to whom correspondence should be addressed: Tele- 

phone: 610-330-5463; Fax: 610-330-5705; e-mail: friedb@ 

lafayette.edu 

MATERIALS AnD METHODS 

Stock cultures of Helisoma trivolvis (Colorado strain) 

were maintained from eggs to sexually mature adults at 

23 + 1°C in aerated glass jars each containing 10 to 20 

snails in 800 mL of artificial spring water (ASW). The 

ASW was prepared as described by Ulmer (1970). One 

culture of 15 snails with shell lengths ranging from 16— 

20 mm was maintained ad libitum on boiled Romaine leaf 

lettuce (L diet) for 20 weeks. Another culture of 13 snails 

was maintained on a boiled leaf lettuce diet for 16 weeks 

and then on a boiled hen’s egg yolk diet (Y diet) ad 

libitum for an additional 4 weeks. Food and water were 

changed three times per week in all cultures. 

For TLC analysis, the whole bodies and digestive 

gland-gonad complexes (DGGs) of four individual snails 

(n = 4) on each of the Y and L diets were prepared. 

Hemolymph from three snails was pooled to make a sam- 

ple containing 300 wL of blood from the L diet (n = 1); 

likewise, hemolymph was pooled from three snails on the 

Y diet to prepare a 125 wL sample from that population 

(n = 1). Shells of all snails were removed by gently 

crushing with a hammer, and the snail bodies were re- 

moved with forceps. The DGGs were dissected free of 

the visceral mass using forceps, and pooled hemolymph 

was removed using a Pasteur pipet. 

Whole bodies and DGGs were prepared by homoge- 

nizing each sample in | mL of chloroform-methanol (2: 

1) in a glass homogenizer. The sample was washed twice 

with 1 mL of chloroform-methanol (2:1), and the super- 

natant was passed through a glass wool filter and treated 

with Folch wash (0.88% KCl, 1 mL). Pooled hemolymph 
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was centrifuged for 6 min at 8000 rpm, and the plasma 

was removed and treated with 2 mL of chloroform-meth- 

anol (2:1), and then passed through a glass wool filter. 

The filtrate was treated with | mL of Folch wash. All 

samples were placed in a refrigerator at 4°C for | hr to 

separate the biphasic layer. The upper hydrophilic layer 

was discarded using a Pasteur pipet, and the lipophilic 

layer was transferred to a 7 mL glass vial and dried under 

nitrogen gas in a water bath at 40°C. Plasma samples of 

the L and Y diets were each reconstituted with 75 pL of 

chloroform-methanol (2:1). DGG and whole body sam- 

ples of the L diet were reconstituted with 200 jL of chlo- 

roform-methanol (2:1) and the Y diet samples were re- 

constituted with 400 wL of this solvent. 

The standard for neutral lipid analysis was Non-Polar 

Lipid Mixture-B (Matreya, Inc., Pleasant Gap, Pennsyl- 

vania), which contained 20.0% each of cholesteryl oleate, 

methyl oleate, triolein, oleic acid, and cholesterol and a 

total lipid concentration of 25.0 mg/mL. The standard 

was used to represent steryl esters, methyl esters, tria- 

cylglycerols, free fatty acids, and sterols, respectively, in 

the samples. The standard (1.00 mL) was placed in a 25 

mL volumetric flask and diluted with chloroform-metha- 

nol (2:1) to prepare a standard solution containing 0.200 

pg/L for each of the components. TLC analysis was 

performed on Whatman high performance LHPKDF sil- 

ica gel plates, 10 X 20 cm, containing 19 scored lanes 

and a preadsorbent spotting area. Plates were precleaned 

by development to the top with dichloromethane-metha- 

nol (1:1). The standards (2.00, 4.00, 8.00, and 16.00 wL) 

and reconstituted samples (2.00, 4.00, and 8.00 wL) were 

applied to the preadsorbent zone in individual lanes with 

a 10-~L Drummond (Broomall, Pennsylvania) digital mi- 

crodispenser. Plates were developed with petroleum ether- 

diethyl ether-glacial acetic acid (80:20:1) mobile phase 

when analyzing methyl ester, triacylglycerol, free fatty 

acid and sterol content in the samples, and with hexane- 

petroleum ether-diethyl ether-glacial acetic acid (50:25:5: 

1) when analyzing steryl esters. All plates were devel- 

oped for a distance of 9 cm in a rectangular Camag (Wil- 

mington, North Carolina) TLC twin-trough chamber con- 

taining about 50 mL of the mobile phase and a saturation 

pad (Anal Tech, Newark, Delaware). Developed plates 

were blown dry in a fume hood with air for 5 min, 

sprayed with 5% ethanolic phosphomolybdic acid (PMA) 

solution, and heated at 115°C until blue bands appeared 

on a yellow background. 

The standard for polar lipid analysis, Polar Lipid Mix 

(Matreya, Inc.), contained 25.0% each of cholesterol (ste- 

rol), phosphatidylethanolamine (PE), phosphatidylcholine 

(PC), and lysophosphatidulcholine (LPC) and a total lipid 

concentration of 25.0 mg/mL. The standard (1.00 mL) 

was placed in a 25 mL volumetric flask and diluted with 

chloroform to prepare a standard solution of 0.250 we/pL 

for each component. TLC analysis was done on the same 

plates and with the same sample and standard volumes 
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as described for the neutral lipids. Plates were developed 

with chloroform-methanol-water (65:25:4) mobile phase, 

dried for 5 min under cool air in a fume hood, sprayed 

with a 10% cupric sulfate solution, and then heated for 

10 min at 140°C to form brown bands on a white back- 

ground. 

Quantitative densitometric analysis was done with a 

Camag TLC Scanner II using a tungsten light source set 

at 610 nm for neutral lipids and a deuterium source set 

at 370 nm for polar lipids. Other scanner settings were a 

slit width 4, slit length 4, and scanning speed of 4 mm/ 

sec. The CATS-3 software was used to create a linear 

regression calibration curve relating the weights of the 

standard zones (0.400—3.20 wg for neutral lipids and 

0.500—4.00 jg for polar lipids). Weights of neutral lipids 

and polar lipids in sample aliquots were automatically 

interpolated from the curve. If the areas of more than one 

aliquot of a particular sample were bracketed within the 

calibration curve, the weight corresponding to the sample 

area closest to the areas of the middle two standards was 

used to calculate the weight percent of the lipid. The 

equation used for calculation of weight percent in the 

whole bodies and DGGs is: 

(w*R*Dilution Factor* 100) 

wg snail sample 
% Lipid = 

g interpolated from calibration curve, 

[reconstitution volume (wL)]/[spotted volume 

(wL)]. 

The equation used for calculation of the concentration 

(mg/dL) of lipid in the blood samples is: 

A= II 

(w*R) 

(V*10) 
mg/dL lipid = 

V = plasma volume (wL). 

Some of the tissue samples had to be diluted or con- 

centrated to obtain a bracketed area within the calibration 

curve, and then an appropriate dilution factor was includ- 

ed in the calculations. For several samples, the largest 

aliquot spotted gave a zone with a scan area below that 

of the lowest standard. Therefore, the exact concentra- 

tions of the lipids in these samples could not be deter- 

mined. In these cases, the limit of detection was calcu- 

lated, and one-half of this value was used for statistical 

calculations of Student’s t-test. 

RESULTS anp DISCUSSION 

The samples analyzed for neutral lipids showed zones 

with comparable migration to the standards at R; values 

of 0.19 (cholesterol), 0.23 (oleic acid), 0.53 (trolein), and 

0.67 (methyl oleate) in the petroleum ether-diethy! ether- 

glacial acetic (80:20:1) mobile phase. The R; value of 

cholesteryl oleate sample and standard zones was 0.61 in 

the hexane-petroleum ether-diethyl ether-glacial acetic 
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Table | 

Weight percents of lipids in the whole bodies of snails maintained on the egg yolk (Y) and the lettuce (L) diets. 

Lipid ez NGs 

Free Sterols 0.0170 + 0.0048** 0.0330 + 0.0023 

Free Fatty Acids 0.0168 + 0.0043 0.0393 + 0.011 

Triacylglycerols 0.0221 + 0.011** 0.203 + 0.039 

Methyl Esters 0.00224 + 0.00162 0.00635 + 0.041 
Steryl Esters 0.00287 + 0.00070** 0.181 + 0.025 

Phosphatidylcholine 0.0104 + 0.0011 0.0310 + 0.0088 

Phosphatidylethanolamine 0.00244 + 0.00061 0.0136 + 0.0041 

* Snail bodies: Mean (weight %) + standard error; n = 4 individual snails for each sample. 

** Concentration significantly reduced (Student’s t-test, P < 0.05) compared with snails on the Y diet. 

4Two data points were below the limit of quantification. Weight % values of 0.000685 and 0.000510 were used for calculations, 

which were one-half the limit of quantification for the two samples. 

acid (50:20:5:1) mobile phase. Samples analyzed for po- esters, steryl esters, PC, and PE in snails fed the Y diet 

lar lipids showed sample and standard zones at R; values were 3.0, 2.2, 3.0, 6.4, 58, 1.4, and 3.4 times higher, re- 

of 0.28 (phosphatidylcholine, PC) and 0.47 (phosphati- spectively, than those on the L diet. The amount of stery] 

dylethanolamine, PE). The lysophosphatidylcholine esters in the snails on the Y diet was significantly greater 

(LPC) in the polar lipid standard was not detected with than that on the L diet (Student’s t-test, P < 0.05). 

the cupric sulfate reagent at the concentrations applied, Table 3 shows the lipids detected in the plasma of the 

and zones that might have been LPC were not seen in snails on the L and Y diets. Each sample consisted of 

samples. pooled plasma from three snails, and only one analysis 

Table 1 presents lipid percentages for whole bodies of was made for each diet. Only free fatty acids and PC were 

the snails fed the L and the Y diets (n = 4 for each found in the pooled plasma samples. The values of the 

sample). Mean values of free sterols, free fatty acids, tria- free fatty acids and PC were 1.9 and 3.4 times higher, 

cylglycerols, methyl esters, steryl esters, PC, and PE in respectively, in the Y diet than the L diet snails. The 

snails fed on the Y diet were 1.9, 2.3, 9.2, 2.8, 63, 3.0, sample size precluded t-test analysis. 

and 5.6 times higher, respectively, than the whole bodies Snails maintained on the Y diet showed a gross differ- 

of snails fed the L diet. The concentrations of free sterols, ence in appearance compared to those on the L diet. The 

triacylglycerols, and steryl esters in the snails fed the Y DGGs of snails fed the L diet were dark green-brown in 

diet were significantly higher than those fed the L diet color, while the DGGs of snails on the Y diet were yel- 

(Student’s t-test, P < 0.05). low-white in color. The difference in the appearance of 

Table 2 presents percentages of lipids in the DGGs of the DGGs in snails on the Y diet was apparent at about 

snails fed the lettuce versus yolk diets. The mean values 1 week after the snails were placed on the hen’s egg yolk 

for free sterols, free fatty acids, triacylglycerols, methyl diet. The appearance of the snail DGGs is an apparent 

Table 2 

Weight percent of lipids in the DGGs of snails maintained on the egg yolk (Y) and the lettuce fed (L) diets. 

Lipid Ee VCs 

Free Sterols 0.0198 + 0.0049 0.0593 + 0.030 
Free Fatty Acids 0.0265 + 0.011 0.0593 + 0.030 
Triacylglycerols 0.0692 + 0.012 0.207 + 0.103 

Methyl! Esters 0.00290 + 0.000802 0.0185 + 0.00924 
Steryl Esters 0.00186 + 0.00012>** 0.108 + 0.058 

Phosphatidylcholine 0.0334 + 0.0035 0.0480 + 0.011 
Phosphatidylethanolamine 0.00731 + 0.00089 0.0248 + 0.0066 

* Snail bodies: Mean (weight %) + standard error; n = 4 individual snails for each sample (unless indicated otherwise). 

** Concentration significantly reduced (Student’s t-test, P < 0.05) compared with snails on the Y diet. 

“One data point was below the limit of quantification. A weight % value of 0.00134 was used for calculations, which was one-half 

the limit of quantification. 

> All of the four data points were below the limit of quantification. Weight % values of 0.00160, 0.00174, 0.00200, and 0.00212 were 

used for calculations, which were one-half the limit of quantification for the four samples. 
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Table 3 

Concentration (mg/dL) of lipids in pooled plasma sam- 

ples of snails maintained on the egg yolk (Y) and the 

lettuce fed (L) diets. 

Lipid ee YG: 

Free Fatty Acids 6.10 11.8 

Phosphatidylcholine 1.92 6.57 

* Snail plasma, pooled: n = 1 with plasma pooled from 3 

snails. 

reflection of the different diets used in the study. The 

shells of snails maintained on the L diet were less sus- 

ceptible to cracking than those on the Y diet. Snails on 

the L diet yielded more hemolymph per snail, about 100 

wL per snail, than the snails on the Y diet, which yielded 

about 50 wL per snail. 

All five major classes of neutral lipids and two phos- 

pholipids (PC and PE) were found in detectable quantities 

in the DGGs and whole bodies of the snails maintained 

on both diets. The plasma of H. trivolvis, however, only 

showed quantifiable amounts of free fatty acids and PC. 

Park et al. (1991) reported that the free fatty acids were 

the major lipid in snail hemolymph of H. trivolvis (Col- 

orado strain) maintained on a leaf lettuce-Tetramin diet. 

We also found that free fatty acid was the main lipid 

fraction in the plasma of this snail maintained on both 

diets. 

The previous study on H. trivolvis (Colorado strain) 

maintained on a lettuce-Tetramin diet (Park et al., 1991) 

showed that triacylglyerols were at the highest concen- 

tration in snail DGG, followed by free sterols, free fatty 

acids, and steryl esters; this finding is in accord with our 

results on A. trivolvis maintained on the Y and L diets. 

The average triacylglycerol content in snail DGG on the 

L diet, 0.0221%, was considerably less than that reported 

by Park et al. (1991), which was 0.69% for snails on a 

lettuce-Tetramin diet. These differences probably reflect 

dietary differences in the two studies. 

In conclusion, the results of this study show that the 

Colorado strain of H. trivolvis is a useful model to study 

the effects of a high lipid diet on hyperlipidemia and hy- 

perlipemia in a pulmonate snail. 
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Two Aberrant New Helicarionid Land Snail Species from 

Northern Madagascar 

KENNETH C. EMBERTON 

Florida Museum of Natural History, Box 117800, Gainesville, Florida 32611, USA 

Abstract. Microcystis (?) oraka, sp. nov. and Microcystis (?) tsingia, sp. nov. are known only from dry shells 

collected along a stream at and near a small, isolated, karstic lens exposed within sandstone in the Andavakoera massif, 

north of Betsiaka, northern Madagascar. Neither of the new species fits any known genus. 

INTRODUCTION 

This paper is one in a series reporting taxonomic results 

from the author’s 1992-1996 survey and inventory of 

Madagascar’s land mollusks. During preliminary identi- 

fication of helicarionids from those collections, the fol- 

lowing two species were encountered. They are clearly 

new species and are so aberrant conchologically that they 

will likely prove to constitute new monotypic genera, if 

anatomical material can be obtained and compared. 

The sole occurrence of these two species from and near 

a small, extremely isolated “island” of relatively moist 

limestone within a ‘“‘sea’’ of dry sandstone, suggests they 

may have evolved genetically independently for a very 

long period. Unfortunately, their habitat was already par- 

tially degraded in 1995, and forest clearing was progress- 

ing toward it from downstream at that time. Hence the 

need to describe these species in advance of the author’s 

intended monographing of Madagascar’s helicarionids. 

LOCALITIES 

Stations 417, 418. Madagascar, 13°06'S, 49°13’E, Anda- 

vakoera massif, north of Betsika, dry deciduous forest, 

within about 10 m of stream, litter sample 2 liters. 417. 

230 m, sandstone bedrock, 62.3 person-hours, 30 August 

1995. 418. 115 m, limestone karstic bedrock, 31 August 

1995. 

METHODS AnD MATERIALS 

Materials were collected in 1995 using methods recom- 

mended for Madagascan rainforests by Emberton et al. 

(1996). Identifications and comparisons were made using 

Zilch (1959-1960), Fischer-Piette et al. (1994), Emberton 

(1994), and Emberton & Pearce (2000). Measurements 

were made using an ocular micrometer on a Wild M3C 

dissecting microscope and using a rule on photographs. 

Photographs were taken at standard magnifications (10 

and 16x). 

SYSTEMATICS 

Higher classification follows Ponder & Lindberg (1997; 

suborder and above), Nordsieck (1986; infraorder), and 

Vaught (1989; superfamily and family). Types are placed 

in the Florida Museum of Natural History, University of 

Florida, Gainesville (UF); the Australian Museum, Syd- 

ney (AMS); the Muséum national d’Histoire naturelle, 

Paris (MNHN, which does not assign catalogue numbers 

to types); and the Academy of Natural Sciences of Phil- 

adelphia (ANSP). Abbreviations: ad adult(s), juv juve- 

nile(s). 

Class GASTROPODA 

Clade HETEROBRANCHIA 

Subclass PULMONATA 

Order STYLOMMATOPHORA 

Suborder SIGMURETHRA 

Infraorder HELICIDA 

Superfamily HELICARIONOIDEA 

Family HELICARIONIDAE 

Genus Microcystis Beck, 1837 

Microcystis (?) oraka Emberton, sp. nov. 

(Figure 1) 

Diagnosis: Unique among all helicarionids and among all 

lower-spired stylommatophorans in its basally U-shape- 

guttered aperture and concomitant broad, spiral ridge on 

the base of the shell. 

Comments: This species calls to mind the Madagascan 

helicarionid monotypic genus Bathia Robson, 1914, 

which bears a deep, broad, subsutural, spiral groove (Fi- 

scher-Piette et al., 1994:pl. XXXI, figs. 10-12). Bathia 

was described from a single shell, but recent collections 

have yielded numerous examples (O. Griffiths, personal 

communication; Emberton, unpublished). 

Neither the type locality nor any other northern-Mad- 

agascan locality contained any comparable helicarionid 

species of which Microcystis (?) oraka, sp. nov. could 
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Figures 1, 2. Holotypes in three views. Figure |. Microcystis (?) oraka Emberton, sp. nov. Figure 2. Microcystis (?) tsingia Emberton, 

sp. nov. Scale bar = 1 mm. 

represent a growth anomaly. The diagnostic basal spiral 

ridge is so regular in appearance that it seems unlikely to 

be a teratism or growth anomaly. A similar basal apertural 

gutter evolved convergently in the cyclophorid operculate 

land snail subgenus Ditropis (Ditropopsis) E. Smith, 1897 

(Wenz, 1938-1944). 

The type locality was very intensively collected (115 

person-hours, 2 liters of leaf litter), but only a single dry 

shell was found, in spite of the fact that the limestone 

substrate tended to preserve shells. Thus this species ei- 

ther is extremely rare or occupies an unusual, highly 

cryptic ecological niche, or both. 

Holotype: UF 285451 (1 ad): Station 418, 13°06’S, 

49°13'E, Madagascar, Andavakoera massif, north of Bet- 

siaka, 115 m, dry deciduous forest on limestone karst, 31 

August 1995. 

Description of holotype: Diameter 5.2 mm, height 3.7 

mm, whorls 4.8, umbilicus 0.2 mm. Spire low, rounded 

domed-conic. Body-whorl periphery round, but subperi- 

pherally flattened in formation of a spiral basal, round- 

topped ridge; suture shallowly impressed; whorl shoul- 

ders rounded. Aperture lunate, wide basal valley; height 

2.6 mm, width 2.5 mm; no downward deflection. Aper- 

tural lip unreflected. First 1.5 whorls 0.95 mm in diam- 

eter. Embryonic sculpture smooth. Body-whorl sculpture 

smooth, lustrous, with faint irregular growth lines and 

with minute, parallel, closely set spiral striae barely vis- 

ible at 40 magnification; spiral, round-top ridge bor- 

dered dorsally by an engraved spiral line and with stron- 

ger growth lines. Color light yellowish brown, translu- 

cent. 

Etymology: Malagasy “kiss,” for the uniquely puckered 

appearance of the apertural lip. 

Microcystis (?) tsingia Emberton, sp. nov. 

(Figure 2) 

Diagnosis: Unique among all helicarionids and among all 

other stylommatophorans with thin shells and unreflected 

peristomes (as figured and described in Zilch, 1959— 

1960), in its combination of loose coiling, flattish spire, 

shallow sutures, open umbilicus, broadly lunate aperture, 

rounded whorls, nearly straight columella, small size (di- 

ameter 5.3-—5.8 mm), and silky luster due to a sculpture 

of dense spiral lines. 

Comparisons: Zonitid and urocyclid genera and subgen- 

era that are otherwise similar have either a closed um- 

bilicus or a much more acute spire. The zonitid Godwinia 

(Omphalops) H. B. Baker, 1941, however, looks similar 

in these respects, but has a reflexed columella. 
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The otherwise similar helicarionids Helixarion Férus- 

sac, 1821, and Malagarion Tillier, 1979, are both imper- 

forate and more loosely coiled. 

The helicarionid ariophantines Elaphroconcha Gude, 

1911; Staffordia Godwin-Austen, 1907; Naninia Sower- 

by, 1842; Ratnadvipia Godwin-Austen, 1899; and Syama 

Godwin-Austen (in Blanford & Godwin Austen), 1908, 

are similar in shell shape, but are much larger in size (ca. 

15-50 mm diameter). The ariophantine Macrochlamys 

Benson, 1832, can have a similar shell, but is much larger, 

has a more acute spire, and generally is glossier. The ario- 

phantine Kalidos Gude, 1911, is larger and, when similar 

in general shape, always keeled. 

The durgelline helicarionids Sakiella Godwin-Austen, 

1908, and Satiella Godwin-Austen, 1908, seem the most 

closely related, but both are larger for the same number 

of whorls, the former is higher-spired (but shares the spi- 

ral sculpture), and the latter is more loosely coiled and 

lacks sculpture (but shares the flattish spire). 

Holotype: UF 285450 (1 ad), Station 418, 13°06’S, 

49°13'E, Madagascar, Andavakoera, north of Betsiaka, 

115 m, dry deciduous forest on limestone karst, 31 Au- 

gust 1995. 

Paratypes: Stations 417 (AMS C203513, 1 ad; MNHN, 

1 ad; ANSP 407927, 1 ad; UF 285449, 2 ad; UF 285476, 
10 ad, 16 juv), 418 (UF 285475, 5 ad, 16 juv). 

Description of holotype: Diameter 5.8 mm, height 3.3 

mm, whorls 4.5, umbilicus 0.4 mm. Spire low, rounded 

dome-conic. Body-whorl periphery rounded; suture al- 

most imperceptibly impressed; whorl shoulders forming 

a shallow gutter just below the suture, then flattish, slop- 

ing moderately. Aperture broadly, obliquely lunate; 

height 2.4 mm, width 3.1 mm; no downward deflection. 

Apertural lip with very narrow reflection beginning mid- 

basally and continuing to the umbilical insertion, where 

it widens slightly; otherwise unreflected. First 1.5 whorls 

0.96 mm in diameter. Embryonic sculpture consisting of 

faint, close-set, parallel spiral lines, gradually increasing 

in strength. Body-whorl sculpture smoothish, with a silky 

luster due to minute, dense, parallel, spiral lines wavering 

slightly where they cross low, irregular growth lines. Col- 

or light brown above, lightening to yellowish white on 

base, translucent. 

Shell variation, based on holotype and two extreme 

variants: Abbreviations: # specimen number, D1.5W di- 

ameter in mm of first 1.5 whorls (embryonic coiling tight- 

ness), Diam diameter in mm, Ht/D_height/diameter, 
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UFcat# Florida Museum of Natural History (University 

of Florida) catalog number, Um/D umbilicus diameter/ 

shell diameter, W/In D whorls/natural logarithm of di- 

ameter (coiling tightness), Whrl Whorls. 

UFcat# # Diam Ht/D Whrl W/In D Um/D D1.5W 

285449 1 53 06 44 2.63 0.06 0.98 

285449 2 56 O5 43 2.49 0.06 0.95 

285450 — 58 06 45 2.56 0.07 0.96 

Etymology: For the local lens of karst (Malagasy “‘tsin- 

gy’’) that is its type locality. 
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Acanthina Fischer von Waldheim, 1807 (Gastropoda: Muricidae), an 

Ocenebrine Genus Endemic to South America 

THOMAS J. DEVRIES 

Burke Museum of Natural History and Culture, University of Washington, Seattle, Washington 98195, USA! 

Abstract. The endemic South American muricid genus, Acanthina Fischer von Waldheim, 1807, is re-evaluated using 

characters of fossil and Recent shells. Three new taxa from Peru and Chile are described: A. triangularis, sp. nov. (late 

Pliocene), A. obesa, sp. nov. (late Miocene to early Pliocene), and A. rugosa, sp. nov. (late Miocene). These species 

and the late Oligocene to middle Miocene A. katzi Fleming, 1972, are found in deposits that indicate nearshore envi- 

ronments like those favored by the extant A. unicornis (Bruguiére, 1789) and A. monodon (Pallas, 1774). The pace of 

acanthinine evolution matches that of contemporaneous muricid genera in western South America. 

INTRODUCTION 

Acanthina Fischer von Waldheim, 1807, comprises spe- 

cies of ovate ocenebrine muricids (Kool, 1993) with a 

labral tooth that range from southern Peru to southeastern 

Argentina (Dall, 1909; Carcelles, 1954; Figure 1). Most 

authorities recognize two modern subspecies or species 

(Carcelles, 1954; Dell, 1971; Wu, 1985). Absent biolog- 

ical data, the two taxa, largely disjunct geographically, 

are herein treated as separate species. Acanthina monodon 

(Pallas, 1774) [synonym: A. calcar (Martyn, 1784)], the 

type species, encompasses specimens from Argentina and 

southern Chile with imbricate spiral cords and a relatively 

thin outer lip. Acanthina unicornis (Bruguiere, 1789) 

[synonym: A. crassilabrum (Lamarck, 1816)] includes 

specimens from southern Peru to southern Chile that gen- 

erally lack imbrication and possess a thick, often dentate 

outer lip. 

Fossils of Acanthina have long been known from Pleis- 

tocene and upper Pliocene strata of Chile (Philippi, 1887; 

Herm, 1969). Most were assigned to one of many Recent 

forms (Sowerby, 1835) that are best synonymized with 

A. monodon or A. unicornis. An older species, A. katzi 

Fleming, 1972, occurs in lower Miocene deposits of Chi- 

loe, Chile (Watters & Fleming, 1972) and lower to middle 

Miocene deposits of southern Peru (DeVries & Vermeij, 

1997). 

This paper describes three new species of Acanthina 

from upper Miocene and Pliocene strata in Peru and 

Chile, documents a range extension of the genus into 

northernmost Peru during the late Pliocene, and summa- 

rizes the evolutionary history of the genus. 

'Mailing address: Box 13061, Burton, Washington 98013, 

USA. 

GEOLOGY 

The Cenozoic stratigraphy and paleontology of forearc 

basins with Acanthina-bearing deposits was described by 

Muizon & DeVries (1985), DeVries (1988, 1998), and 

Dunbar et al. (1990) for Peru and by Tavera (1979) for 

Chile. The geological setting of Lo Abarca, an upper 

Miocene Chilean locality with Acanthina, was discussed 

by Covacevich & Frassinetti (1990). 

MATERIALS AND METHODS 

Specimens described in this study were found by the au- 

thor, V. Alleman, and J. Macharé. Comparative material 

was provided by the California Academy of Sciences, Los 

Angeles County Museum of Natural History, and Museo 

Nacional de La Plata (Argentina). 

Locality descriptions are in the appendix. Lengths (L) 

are measured from the apex of the spire to the end of the 

siphonal canal, parallel to the axis of coiling. Widths (W) 

are measured at right angles to the length between the 

farthest points left and right of the coiling axis. Both are 

reported in millimeters (mm). Dimensions diminished by 

breakage are enclosed by parentheses. Types and figured 

specimens are deposited at the Burke Museum of Natural 

History and Culture (University of Washington, Seattle, 

Washington); Departamento de Vertebrados, Museo de 

Historia Natural (Universidad de San Marcos, Lima, 

Peru); the Museo de Historia Natural, Universidad Ricar- 

do Palma (Lima, Peru); and the Museo Nacional de His- 

toria Natural (Santiago, Chile). 

Abbreviations used for museums and collections are as 

follows: LACM—Los Angeles County Museum of Nat- 

ural History, Los Angeles, California, USA; MUSM 

INV—Departamento de Vertebrados, Museo de Historia 

Natural, Universidad de San Marcos, Lima, Peru; OSU— 

Orton Museum, Ohio State University, Columbus, Ohio, 

USA; SGO.PI.—Museo Nacional de Historia Natural, 
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Santiago, Chile; UCMP—University of California at 

Berkeley, Museum of Paleontology, Berkeley, California, 

USA; UNLP—Museo Nacional de La Plata, Universidad 

de La Plata, Argentina; USNM—Department of Paleo- 

biology, United States National Museum, Washington, 

D.C., USA; UWBM—Burke Museum of Natural History 

and Culture, University of Washington, Seattle, Washing- 

ton, USA; VE—Private collection, V. Alleman, Facultad 

de Biologia, Universidad Ricardo Palma, Lima, Peru. 

SYSTEMATIC PALEONTOLOGY 

Family MurRICIDAE Rafinesque, 1815 

Subfamily OCENEBRINAE Cossman, 1903 

Genus Acanthina Fischer von Waldheim, 1807 

Acanthina Fischer von Waldheim, 1807:174. 

Type species: Buccinum monodon Pallas, 1774:33, pl. 3, 

figs. 3, 4. 

Original description: “Coquille ovale. Ouverture se ter- 

minant inférieurement en un canal tres court, oblique, peu 

échancré a l’extremité. Bord gauche calleux, formant un 

bourrelet distinct de la columelle. Lévre droite épaisse, 

munie pres de la base d’une épine tres longue.” 

Diagnosis: Shell with short, unconstricted or slightly con- 

stricted base. Two primary spiral cords on early whorls, 

one at shoulder, the other anterior to first; these and ad- 

ditional spiral cords evident on adult body whorl, if not 

subdued or obsolete. Columella excavated. Thin spiral 

groove near base ending in labral tooth inside outer lip. 

Additional description: Shell to 60 mm long; trigonal, 

biconic, or fusiform; anterior slightly constricted or un- 

constricted. Spire 10 to 30 percent of shell length. Sutures 

impressed to appressed, usually adherent just below 

shoulder. Protoconch heterostrophic, submerged, absent 

on fossils. Teleoconch with three to five whorls. Shoulder 

angulate or rounded. Periphery near or posterior to mid- 

point of body whorl. Growth lines prosocline, sometimes 

lamellose. Axial sculpture lacking or, rarely, with irreg- 

ular swellings. Spiral sculpture of two rounded primary 

cords on juveniles, one at shoulder, the other anterior to 

first; both sometimes obsolete or joined by other spiral 

cords of equal or lesser strength on adults. Thin spiral 

groove near base, ending in labral tooth emerging from 

within outer lip. Aperture ovate. Outer lip sometimes 

thickened, beveled, dentate within, and/or crenulate at 

outer edge. Parietal callus weak. Columella concave to 

straight, smooth, excavated along entire length. Fasciole 

short, arched, usually bordered posteriorly by sharp ridge 

of growth-line chevrons. Siphonal canal short, narrow, 

open. 

Discussion: Species from Central and North America 

once placed in Acanthina are notable for combinations of 

prominent-and regular axial sculpture, glossy apertures, 
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labral teeth at the edge of the outer lip, and/or broad pri- 

mary spiral cords not seen in species from South Amer- 

ica. Hence, they have been assigned by others to different 

genera or subgenera: A. brevidentata (Wood, 1828) to 

Thais Roding, 1798, by Cooke (1919) and Wu (1985) or 

Acanthais Vermeij & Kool, 1994, based on anatomy and 

radular characters; A. tuberculata (Sowerby, 1835) to 

Mancinella Link, 1807, by Wu (1985) based on similar 

criteria (Vermeij & Kool, 1994); and Acanthina angelica 

Oldroyd, 1918, A. punctulata (Sowerby, 1835), A. lugub- 

ris (Sowerby, 1821), and A. paucilirata (Stearns, 1871) 

to Acanthina (Acanthinucella) or simply Acanthinucella 

Cooke, 1918, based on shell morphology and radular fea- 

tures (Cooke, 1918; Wu, 1985; Vermeij, 1993). Acanthina 

spirata (Blainville, 1832) has both been grouped with and 

separated from A. punctulata (e.g., Grant & Gale, 1931; 

McLean, 1969). Acanthina emersoni Hertlein & Allison, 

1959, a Pliocene species from California, was thought by 

its authors to be related to A. spirata. A. angelica and A. 

lugubris have recently been placed in the new genus Mex- 

acanthina Marko & Vermeij, 1999. 

Toothed specimens from Chile and Peru with a deeply 

constricted base assigned to Nucella (Acanthinucella) by 

Herm (1969) and Acanthina (Acanthinucella) by DeVries 

(1986) are now placed in Herminespina DeVries & Ver- 

meij, 1997. 

Occurrence: Uppermost Oligocene to upper Miocene: 

southern Peru to southern Chile. Pliocene: northern Peru 

to central Chile. Pleistocene to Recent: southern Peru to 

southeastern Argentina (Figure 1). 

Acanthina monodon (Pallas, 1774) 

(Figures 2-7) 

Buccinum monodon Pallas, 1774:33, pl. 3, figs. 3, 4. 

Buccinum calcar Bruguiére, 1789:253, volume 1, figure 10; 

volume 2, figure 50 [attributed to Martyn (1784)]. 

Nucella (Acanthina) calcar (Martyn). Carcelles, 1954:pl. 1, 

figs. 5-11; pl. 2, figs. 12-22. (See extensive synonymy.) 

Not Nucella (Acanthina) crassilabrum calcar (Martyn). 

Herm, 1969:pl. 17, figs. 7-9. (correct identification is 

Acanthina unicornis). 

Acanthina monodon monodon (Solander, 1786). Wu, 1985: 

56, figs. 13-14, 24, 34, 52-58, 71. 

Acanthina monodon (Pallas, 1774). Kool, 1993:229, figs. 

27A-D. 

Diagnosis: Sculpture typically imbricate; primary and 

secondary spiral cords numerous. Outer lip usually not 

thickened. 

Description: Shell to 60 mm long, thin to moderately 

thick-shelled; adults ovate, spire 20—30 percent of length. 

Sutures slightly to moderately impressed. Shoulder even- 

ly, broadly rounded, rarely with weak sutural platform. 

Spiral sculpture imbricate; about 13 primary cords be- 

tween shoulder and spiral groove, variably alternating 

with secondary cords of varying strength. Five to seven 
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Figure 1. 

monodon. 

marine sediments are also shown. 

secondary spiral cords on base, three to four posterior to 

shoulder, with or without a single primary spiral cord. 

Outer lip in adults generally less than 4 mm thick, thin 

or slightly thickened and weakly beveled; outer edge 

Talara / crenulate; inner edge weakly dentate (seven to 12 teeth) 

Sechura or smooth. Labral tooth well developed. Columella 

Piscor/ straight to concave; excavated but not broadly. Fasciolar 

Sacaco ridge poorly developed. 
Navidad Whorls of small juveniles with five to seven primary 

Modern ranges spiral cords posterior to spiral groove. Two spiral cords, 

Acanthina one at shoulder and another anterior to shoulder, some- 

aN unicornis times more prominent (LACM 72-157-2e, Figure 5). 

NX Acanthina Discussion: Acanthina monodon at present occupies in- 

monodon tertidal and shallow subtidal habitats from the Chonos 

Archipelago of southern Chile to Santa Cruz Province, 

Argentina (Carcelles, 1954). The species has been found 

on upper Pleistocene terraces in Argentina (UNLP 1407b 

and UNLP 1407c, Figures 6, 7), but not in older deposits 

(Pastorino, 1994). Some Recent specimens from southern 

Chile have a slightly thickened and dentate outer lip 

(LACM 54679a, Figure 2), characters shared with many 

specimens of A. unicornis. 

Material: LACM 72-157.2a, L 52.7, W 39.0; LACM 72- 

eCOQUIMBO 157.2b, L 39.4, W 28.6; LACM 72-157.2c, L 30.6, W 

22.4; LACM 72-157.2d, L 28.0, W 21.1; LACM 72- 

@eSANTIAGO 157.2e, L 11.1, W 7.5; LACM 72-157.2f, L 9.5, W 5.7; 

LACM 54679a, L 50.0, W 35.3; LACM 54679b, L 46.0, 

ARGENTINA W 31.4; UNLP 1407a, L 42.9, W 28.9; UNLP 1407b, L 

42.9, W 28.8; UNLP 1407c, L 27.5, W 18.4; UNLP 1398, 

40° lot of six fragments. 

Occurrence: Upper Pleistocene to Recent. Southern 

Chile to southeastern Argentina. 

Acanthina unicornis (Bruguiere, 1789) 

(Figures 8—22) 

Buccinum unicorne Bruguiere, 1789:254. 

Monoceros crassilabrum Lamarck, 1816:pl. 396, figs. 2a,b. 

Monoceros acuminata Sowerby, 1835:50. 

Monoceros citrinum Sowerby, 1835:51. 

Monoceros costatum Sowerby, 1835:50. 

Monoceros globulus Sowerby, 1835:50. 

Monoceros ambiguus Sowerby, 1846:261, pl. 4, figs. 66, 67. 

Monoceros unicorne Sowerby. Hupé, 1854:194. 

Monoceros ambiguus Sow. Philippi, 1887:56, pl. 7, fig. 1. 

Distribution of Recent Acanthina unicornis and A. 

Pacific Neogene foreare basins with Acanthina-bearing 

Figures 2—7. Acanthina monodon. Figure 2. LACM 54679a, apertural view, 1.0. Figure 3. LACM 54679a, 

abapertural view, <1.0. Figure 4. LACM 72-157.2c, apertural view, < 1.12. Figure 5. LACM 72-157.2e, apertural 

view, 2.69. Figure 6. UNLP 1407b, apertural view, «0.96. Figure 7. UNLP 1407c, apertural view, <1.25. 

Figures 8-22. Acanthina unicornis. Figure 8. UWBM 97373, apertural view, <1.0. Figure 9. UCMP 3102-d, 

apertural view, 2.18. Figure 10. UCMP 3102-a, apertural view, «1.87. Figure 11. LACM 75-32.4-b, apertural 

view, 1.02. Figure 12. LACM 75-32.4-c, apertural view, 1.30. Figure 13. MUSM INV 017, apertural view, 

«1.0. Figure 14. UWBM 97373, abapertural view, < 1.0. Figure 15. LACM 75-32.4-d, apertural view, * 1.13. Figure 

16. LACM 75-32.4-d, abapertural view, 1.07. Figure 17. UCMP 3102-b, abapertural view, 1.81. Figure 18. 
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19 
UNLP 26668, apertural view, <0.92. Figure 19. UCMP D-3735a, apertural view, <0.96. Figure 20. UCMP D-3735a, abapertural view, 
0.96. Figure 21. UCMP D-3735f, apertural view, 1.25. Figure 22. UCMP D-3735f, abapertural view, <1.25. 



Page 336 

Monoceros crassilabris Brug. Philippi, 1887:56, pl. 6, fig. 6. 

Not Monoceros costatus ? Sow. Philippi, 1887:56, pl. 5, fig. 

9 (correct identification is Chorus sp.). 

Nucella (Acanthina) crassilabrum (Lam.). Carcelles, 1954: 

257, pl. 1, figs. 1-4 (with lengthy synonymy). 

Nucella (Acanthina) crassilabrum crassilabrum (Lamarck). 

Herm, 1969:138, pl. 17, figs. 4a,b 6a,b. 

Nucella (Acanthina) crassilabrum acuminata (Sowerby). 

Herm, 1969:140, pl. 17, figs. 5a,b. 

Nucella (Acanthina) crassilabrum calcar (Martyn). Herm, 

1969:pl. 17, figs. 7-9. 

Acanthina crassilabrum (Lamarck, 1816). Dell, 1971:210. 

Acanthina monodon crassilabrum (Lamarck, 1789). Wu, 

1985:58, figs. 15-17, 23, 35-37, 50-51, 59, 71. 

Diagnosis: Thick-shelled; shoulder evenly rounded. Spi- 

ral cords numerous, unequally and irregularly developed, 

usually subdued over entire body whorl. Inner edge of 

outer lip sometimes strongly dentate. 

Description: Shell to 60 mm long, broadly fusiform to 

ovate, base of body whorl usually slightly constricted. 

Adults thick-shelled. Spire 25—30 percent of length. Su- 

tures appressed to impressed. Shoulder evenly rounded, 

rarely with sutural platform; periphery at or slightly an- 

terior to midpoint of body whorl. Spiral sculpture on 

adults of 20—25 spiral cords, either equally prominent or 

alternatingly primary and secondary, a few accentuated 

with chocolate brown color in modern specimens; usually 

subdued or obsolete but sometimes strongly imbricate or 

rarely with two well developed primary spiral cords be- 

tween shoulder and periphery. Three to five subdued spi- 

ral cords anterior to spiral groove. Outer lip thick, strong- 

ly beveled, sometimes strongly dentate, with eight to 11 

elongate teeth evenly spaced along aperture. Labral tooth 

well developed. 

Early whorls in juveniles with five to seven primary 

spiral cords between suture and spiral groove; cord at 

periphery and another anterior to peripheral cord some- 

times more prominent (UCMP 3102-d and UCMP 3102- 

a, Figures 9, 10). 

Discussion: The morphological diversity illustrated by 

Carcelles (1954) and lengthy synonymy generated by 

Sowerby (1835) testify to the difficulty of describing the 

shell of Acanthina unicornis and distinguishing it from 

that of A. monodon. Sowerby (1835) and Carcelles (1954) 

solved this problem by recognizing an intermediate form, 

“A. acuminata’ (Sowerby, 1835), with both numerous 

imbricate spiral cords and a thick dentate outer lip. 

Individuals of Acanthina unicornis with the “‘acumi- 

nata-type”’ combination of imbricate spiral cords and a 

thick dentate outer lip live today in southern Chile (Car- 

celles, 1954) and specimens occur in Pliocene and Pleis- 

tocene deposits of southern Peru (MUSM INV 017, Fig- 

ure 13; also UWBM 97374) and Chile (LACM D-3735- 

a; Figures 19, 20). In Peru, imbricate adult specimens of 

Acanthina occur in upper Pliocene strata (UWBM 97373, 

Figures 8, 14; also UWBM 97374) together with the old- 
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est acanthinine specimens that are unequivocally A. uni- 

cornis. 

Herm (1969: pl. 17, figs. 7-9) illustrated two Pliocene 

“acuminata-type”’ specimens of A. unicornis from Chile 

but identified them as Nucella (Acanthina) crassilabrum 

calcar, reserving the name “‘N. (A.) crassilabrum acu- 

minata”’ for an early Pleistocene specimen that should be 

assigned to his N. (A.) crassilabrum costata. 

Pleistocene specimens of non-imbricate, high-spired 

Acanthina from marine terraces in Chubut Province, Ar- 

gentina (UNLP 26668, Figure 18) resemble some Chilean 

specimens erroneously referred to Nucella (Acanthina) 

acuminata by Carcelles (1954). They have two primary 

spiral cords on earlier whorls, one at the periphery and 

the other anterior to the first. These are joined on the 

anterior of later whorls by two or three subdued primary 

spiral cords. The outer lip is slightly thickened and some- 

times finely dentate. There is no evidence on 17 Chubut 

specimens of the imbricate sculpture that characterizes A. 

monodon from Recent beaches or Pleistocene marine ter- 

races in Santa Cruz Province, Argentina. The Chubut 

specimens were found with specimens of Tegula atra 

(Lesson, 1830) and fissurellids now encountered only in 

Chilean waters (G. Pastorino, personal communication, 

2002). 

Modern specimens of Acanthina unicornis from Chile 

occur in intertidal and sublittoral environments between 

29°S and 42°S (Carcelles, 1954; Dell, 1971). Fresh beach 

specimens of A. unicornis (MUSM INV 018) from San 

Juan de Marcona (15°27'S) confirm reports (Dall, 1909) 

of the species in southern Peru, as do observations of live 

intertidal individuals at Matarani (17°S; M. Rabi, written 

communication, 1997). Late Pliocene and Pleistocene 

specimens are known from coarse-grained bioclastic de- 

posits throughout northern Chile (Herm, 1969) and south- 

ern Peru (Muizon & DeVries, 1985; DeVries, 1986; Ort- 

lieb et al., 1990; Ortlieb & Macharé, 1990). 

Material: LACM 75-32.4-b, L 37.0, W 28.4; LACM 75- 

32.4c, L 30.5, W 21.8; LACM 75-32.4-d, L44.3, W 29.8; 

LACM 75-32.4, lot of 14 additional specimens; MUSM 

INV 017, DV 382-1, L 39.9, W 30.8; MUSM INV 018, 

DV 468-2, L 46.7, W 37.8; MUSM INV 019, DV 812- 

1, L 54.2, W 43.8; UCMP 3102-a, L 15.1, W 9.4; UCMP 

3102-b, L 18.8, W 13.1; UCMP 3102-c, L 31.2, W 22.8; 

UCMP 3102-d, L 13.6, W 9.2; UCMP D-3735a, L 40.9, 

W 29.2; UCMP D-3735b, L 45.1, W 31.0; UCMP D- 

3735c, L (34.3), W 26.6; UCMP D-3735d, L (18.4), W 

16.6; UCMP D-3735e, L 37.9, W 27.5; UCMP D-3735f, 

L 28.4, W 21.8; UCMP D-3735, lot of two specimens; 

UCMP D-5826a, L 44.5, W 31.0; UCMP D-5826b, L 

27.3, W 22.3; UNLP 26668, L 43.0, W 25.6; UNLP 

26669, lot of eight specimens; UNLP 26670, lot of nine 

specimens; UWBM 97372, DV 468-2, L 36.0, W 27.1; 

UWBM 97373, DV 812-1, L 48.0, W 34.1; UWBM 

97374, JM84 319B, L 35.1, W 25.7. 
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Figures 23-35. Acanthina triangularis DeVries, sp. nov. Figure 23. UWBM 97375, apertural view, 0.98. Figure 24. OSU 37358, 

apertural view, 1.04. Figure 25. OSU 37358, abapertural view, 1.04. Figure 26. UWBM 97375, abapertural view, 0.98. Figure 27. 

OSU 37359, apertural view (suture distorted by growth of balanids), 1.05. Figure 28. UWBM 97376, apertural view, 1.32. Figure 

29. UWBM 97376, abapertural view, X1.32. Figure 30. UWBM 97377, apertural view, 0.94. Figure 31. UWBM 97378, abapertural 

view, X1.70. Figure 32. UCMP D-3735-d, apertural view, 1.83. Figure 33. OSU 37360, apertural view, 2.23. Figure 34. UCMP D- 

3735, abapertural view, 1.83. Figure 35. UWBM 97379, abapertural view, < 1.62. 

Occurrence: Upper Pliocene to Recent. Southern Peru to 

southern Chile. 

Acanthina _triangularis DeVries, sp. nov. 

(Figures 23-35) 

Acanthina triangularis DeVries, 1986:592, pl. 33, figs. 9, 

12; pl. 34, figs. 2, 6, 7, 10, 12; pl. 35, figs. 1, 2, 3 

(unpublished dissertation). 

Nucella (Acanthina) crassilabrum costata (Sowerby). Herm, 

1969:139, pl. 17, figs. 2a, 2b, 3. Not Monoceros cos- 

tatum Sowerby, 1835. 

Diagnosis: Body whorl angulate or biangulate in both 

adults and juveniles. Sutural platform planar or slightly 

concave. Two primary spiral cords or keels; other spiral 

sculpture usually subdued or absent. 

Description: Shell to 70 mm long; biconic. Adults thin 
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to thick shelled. Spire 25—30 percent of length. Sutures 

appressed near shoulder. Sutural platform planar or slight- 

ly concave, broad, inclined 30—45 degrees. Shoulder an- 

gulate; periphery located one-third to one-half length of 

body whorl from suture, usually coincident with shoulder. 

Spiral sculpture of primary spiral cord at shoulder, sub- 

dued to keeled; another primary cord anterior to first, of- 

ten reduced to spiral swelling or obsolete. Additional 

weakly developed secondary spiral cords and tertiary 

threads, usually obsolete or nearly so; rarely, imbricate. 

Outer lip angulate or biangulate; sometimes moderately 

thickened, beveled, neither crenulate nor dentate. Labral 

tooth deep within outer lip, often projecting from internal 

spiral ridge. Columella concave, deeply but not broadly 

excavated. Pseudumbilical callus thick, with arching 

ridge parallel to fasciole. 

Juveniles with three subequal primary cords on first 

whorls of teleoconch; cords differentiating on later 

whorls, one becoming secondary cord on expanded su- 

tural platform, another a primary cord on shoulder, and 

third a primary cord anterior to shoulder cord. Additional 

secondary cords on larger juveniles and subadults insert- 

ed on sutural platform (one cord), between two primary 

cords (one cord), between anterior primary cord and spi- 

ral groove (four to five cords), and on base (two to three 

cords) (OSU 37360, Figure 33). 

Discussion: Acanthina triangularis is not the same cos- 

tate taxon as Sowerby’s (1835) Acanthina costata from 

Chile, which has been synonymized herein with A. uni- 

cornis. Costate specimens of A. unicornis, modern (Car- 

celles, 1954:figs. 36-43; UCMP 3102-a, unfigured) and 

fossil (Herm, 1969:pl. 17, figs. 5a, b, termed Nucella 

(Acanthina) acuminata; UCMP 3735-f, Figures 21, 22) 

have shoulders that are more rounded, outer lips that are 

more often dentate, anterior profiles that are less con- 

stricted, and spiral cords that are more numerous than is 

typical for specimens of A. triangularis. 

Adults of Acanthina triangularis are distinguished from 

broadly rounded specimens of the more recent A. unicor- 

nis and smooth-shelled, tightly rounded specimens of the 

older A. obesa by their planar sutural platform and two 

prominent primary spiral cords (or rarely, one: UWBM 

97378, Figure 31). Juveniles of A. triangularis and A. 

obesa are identical, whereas those of A. unicornis are 

more evenly rounded and have several primary spiral 

cords, rather than two. 

The type locality for Acanthina triangularis, north of 

the Rio Chira, northern Peru (4°40’S), is a significant 

northward range extension for Acanthina. Specimens 

(OSU 37358, Figures 24, 25; OSU 37359, Figure 27) are 

found in the lowest pebbly sandstone beds of the Taime 

formation (DeVries, 1986, 1988) with other mollusks, 

e.g., Chorus blainvillei (d’ Orbigny, 1842) and Hermines- 

pina mirabilis (M6ricke, 1896), that suggest a late Plio- 

cene age (DeVries, 1997a; DeVries & Vermeij, 1997). A 
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Figure 36. Type locality (DV 272/DV 273) of Acanthina tri- 

angularis DeVries, sp. nov. Outcrops of basal bioclastic sand- 

stones with A. triangularis occur in quebradas between La Brea 

and Amotape. 

late Pliocene age for specimens of A. triangularis from 

a marine terrace in southern Peru (e.g., UWBM 97375, 

Figures 23, 26, and UWBM 97376, Figures 28, 29) is 

also indicated by the presence of the mollusks Trachy- 

cardium procerum domeykoanum (Philippi, 1887), 

Amiantis domeykoana (Philippi, 1887), Concholepas no- 

dosa Moricke, 1896, and Thais chocolata (Duclos, 1832) 

(Herm, 1969; DeVries, 1995). 

Type locality: Strata between Quebrada Songora, 14 km 

southeast of La Brea, and Quebrada Cardo Grande, 10 

km north of Amotape, northwestern Peru (localities DV 

272/273; Figure 36). 

Material: OSU 37358, holotype, DV 272/273, L 38.0, W 

28.7; OSU 37359, paratype, DV 272/273, L 38.1, W 28.4; 
OSU 37360, paratype, DV 273-1, L 15.3, W 11.8; 
MUSM INV 013, DV 423-3, L (30.5), W 24.6; MUSM 

INV 014, DV 423-3, L (37.2), W 26.5; MUSM INV 015, 
DV 423-3, L (53.5) W 41.4; MUSM INV 016, DV 423- 
3, L 26.6 W 22.0; UCMP D-3735-d, Coquimbo, Chile, L 

(17.6) W 17.6; UWBM 97375, DV 423-3, L 60.9, W 
44.5; UWBM 97376, DV 423-3, L (31.2), W 23.1; 
UWBM 97377, DV 423-3, L 41.6, W 36.0; UWBM 
97378, DV 423-3, L (19.8), W 16.3; UWBM 97379, DV 

423-3, L 21.1, W 17.6. 

Occurrence: Late early to late Pliocene, northern Peru to 

northern Chile. 
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Acanthina obesa DeVries, sp. nov. 

(Figures 37—52) 

Acanthina obesa DeVries, 1986:591, pl. 34, figs. 1, 2 (un- 

published dissertation). 

Diagnosis: Shell broadly trigonal; shoulder tightly round- 

ed; usually smooth. Spire usually low. Juveniles with two 

prominent spiral cords at and anterior to shoulder. 

Description: Shell to 50 mm long; broad, width and 

height of body whorl usually about equal. Base barely 

constricted. Shell thin to moderately thick. Spire usually 

10 to 20 percent of shell length. Sutures appressed. Su- 

tural platform broad, slightly convex, typically inclined 

less than 30°. Shoulder usually tightly rounded, periphery 

at midpoint of body whorl. Spiral sculpture usually absent 

or consisting of weakly developed spiral cords separated 

by thin grooves. Rarely, sculpture with mix of 25—35 

scaly secondary cords and tertiary threads. Outer lip thin 

or thick, often beveled if latter, inside edge smooth. Col- 

umella broadly, deeply excavated. 

Juveniles with three primary or secondary spiral cords 

on sutural platform; primary cord on shoulder; primary 

cord anterior to shoulder cord with intercalated secondary 

spiral cord; five or six secondary cords on body whorl; 

three secondary spiral cords on base (OSU 37368, Fig- 

ures 38 and 40; UWBM 97380, Figure 41; MUSM INV 

012, Figure 43). 

Discussion: A low spire, broad sutural platform, and 

tightly rounded shoulder give specimens of Acanthina 

obesa a profile with a distinctive posterior inflation. 

Adults are usually entirely smooth, in contrast with other 

species of Acanthina. Large specimens with high spires 

(UWBM 97381, Figure 49) can be distinguished from 

specimens of A. unicornis by their smooth shell and thin- 

ner, non-dentate outer lips. Specimens with more fully 

developed spiral sculpture (UWBM 97382, Figures 42, 

44) can be separated from those of older A. katzi and 

younger A. unicornis by their posterior inflation. Strongly 

sculptured early Pliocene specimens (OSU 37361, 37362, 

37363, Figures 50-52), however, do resemble those of 

the younger A. triangularis. 

The oldest Peruvian specimens of Acanthina obesa 

come from beach coquinas on the eastern flank of Que- 

brada Riachuelo (Figures 42, 44) that overlie middle Mio- 

cene strata containing specimens of A. katzi. Farther 

south, specimens of A. obesa (Figures 37, 39) overlie ash 

beds at Alto Grande and Aguada de Lomas with *°K- 

*Ar dates of 9.5 Ma and 8 to 8.8 Ma, respectively (Mui- 

zon & DeVries, 1985; Muizon & Bellon, 1986). Numer- 

ous specimens of A. obesa (UWBM 97383, Figures 45, 

46) are found in lowermost Pliocene strata at Sud-Sacaco 

(Muizon & DeVries, 1985). The single specimen of A. 

obesa known from Chile (SGO PI 5750, Figures 47, 48) 

was found by the author in upper Miocene shell and grav- 

el banks at-Lo Abarca (Covacevich & Frassinetti, 1990). 
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Type locality: Aguada de Lomas, east of intersection of 

Panamerican Highway with road to Lomas. East slope, 

south of abandoned HierroPeru road (locality DV 369; 

Figure 53). 

Material: OSU 37361, DV 361-5, L 25.3, W 19.2; OSU 

37362, DV 361-5, L 27.4, W 21.7; OSU 37363, DV 361- 

5, L 24.9, W 20.4; OSU 37365, holotype, DV 369-3, L 

40.9, W 36.3; OSU 37366, paratype, DV 370-2, L 35.5, 

W 31.3; OSU 37368, paratype, DV 370-2, L 16.2, W 

13.1; MUSM INV 010, DV 571-1, L (39.3), W 31.9; 

MUSM INV O11, DV 1230-1, L 38.4, W 31.3; MUSM 

INV 012, DV 571-1, L 19.6 W 14.8; SGO.PI.5750, Lo 

Abarca, L 18.7, W 15.0; VE09261la, Aguada de Jahuay, 

L (46.2), W 40.9; VE09261b, Aguada de Jahuay, L 

(40.4), W 32.1; VEO926Ic, Aguada de Jahuay, L 29.7, 

W 25.8; VE09313, Aguada de Jahuay, L 29.4, W 23.5; 

VE09262, Cerro Alto, L 34.3, W 27.9; UWBM 97380, 

DV 571-1, L 20.2 W 15.8; UWBM 97381, DV 571-1, L 

(49), W 35.4; UWBM 97382, DV 1230-1, L 36.0, W 

31.8; UWBM 97383, DV 360-2, L 29.8, W 24.6. 

Occurrence: Upper Miocene to lower Pliocene, southern 

Peru to central Chile. 

Acanthina rugosa DeVries, sp. nov. 

(Figures 54—57) 

Diagnosis: Shell globose. Axial sculpture of eight to nine 

weak collabral folds; nodes at intersections of axial folds 

and two primary spiral cords. 

Description: Shell less than 40 mm long, thick, globose. 

Base slightly constricted. Spire moderately elevated, 15— 

20 percent of shell length. Sutures appressed. Sutural 

platform broad, slightly convex, inclined 40 to 50 de- 

grees. Shoulder angulate to sharply rounded, coincident 

with periphery, about two-fifths distance from suture to 

base of shell. Axial sculpture of eight to nine collabral 

folds, forming nodes at intersections with primary spiral 

cords. Spiral sculpture of two subdued primary cords, one 

at periphery, second anterior to first; two weak secondary 

cords, one on sutural platform, another at midpoint of 

body whorl; and numerous tertiary threads between su- 

ture and base. Outer lip thick, beveled, usually smooth, 

rarely dentate. Labral tooth short. Columella broadly ex- 

cavated. 

Juveniles biconic; axial and spiral sculpture as above, 

but more sharply defined and generally imbricate 

(UWBM 97385, Figures 56, 57). 

Discussion: Specimens of Acanthina rugosa are distin- 

guished from all other species of Acanthina except those 

of the oldest, A. katzi, by possessing numerous collabral 

folds. Like specimens of A. katzi, they have well devel- 

oped, well differentiated, and imbricate primary and less- 

er spiral cords, but unlike those of A. katzi, they have a 

broadly excavated columella and a broader sutural plat- 
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Figures 37-52. Acanthina obesa DeVries, sp. nov. Figure 37. OSU 37365, apertural view, 1.21. Figure 38. OSU 37368, apertural 

view, 1.91. Figure 39. OSU 37365, abapertural view, < 1.21. Figure 40. OSU 37368, abapertural view, X1.91. Figure 41. UWBM 

97380, apertural view, X 1.71. Figure 42. UWBM 97382, apertural view, X 1.37. Figure 43. MUSM 012, apertural view, X 1.77. Figure 

44. UWBM O15, abapertural view, 1.37. Figure 45. UWBM 97383, apertural view, X 1.32. Figure 46. UWBM 97383, abapertural 

view, *1.32. Figure 47. SGO.PI.5750, apertural view, X2.10. Figure 48. SGO.PI.5750, abapertural view, X2.10. Figure 49. UWBM 

97381, abapertural view, 0.98. Figure 50. OSU 37361, apertural view, 1.57. Figure 51. OSU 37362, apertural view, X1.41. Figure 

52. OSU 37363, apertural view, < 1.56. 
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Figure 53. Type locality (DV 369) of Acanthina obesa DeVries, sp. nov. 

form, characters shared with specimens of the younger A. 

obesa. 

The only collection of Acanthina rugosa comes from 

bioclastic conglomerates very near the base of a Neogene 

section on the south side of Quebrada Huaricangana (Fig- 

ure 58). The conglomerate bed rests close to igneous 

basement that rears 500 meters up to the peak of Cerro 

Huaricangana, which served at the time of deposition as 

a peninsular buffer between the deposit and the open Pa- 

cific Ocean. Other mollusks from the same horizon [Cho- 

rus frassinetti DeVries, 1997; Herminespina philippi 

(Moricke, 1896)] suggest a late Miocene age (DeVries, 

1997a; DeVries & Vermeij, 1997). 

Type locality: South side of Quebrada Huaricangana, 

above basement platform. Sample DV 387-3 (Figure 58). 

Material: UWBM 97384, holotype, DV 387-3, L (29.6), 

W26.1; UWBM 97385, paratype, DV 387-3, L (20.0), W 

17.4, MUSM INV 008, paratype, DV 387-3, L (26.5), W 

20.5; MUSM INV 009, DV 387-3, lot of 5. 

Occurrence: Upper Miocene to lower Pliocene, southern 

Peru. 



Page 342 

yl 

~ BG 

The Veliger, Vol. 46, No. 4 

Figures 54-57. Acanthina rugosa DeVries, sp. nov. Figure 54. UWBM 97384, apertural view, *1.31. Figure 55. UWBM 97384, 

abapertural view, 1.31. Figure 56. UWBM 97385, apertural view, «1.64. Figure 57. UWBM 97385, abapertural view, 1.64. 

Acanthina katzi Fleming, 1972 

(Figures 59-67) 

Acanthina crassilabrum katzi Fleming, 1972, in Watters & 

Fleming, 1972:397, figs. 6m—6s. 

Acanthina katzi Fleming, 1972. DeVries & Vermeij, 1997: 

613, figs. 2.13-2.15. 

Diagnosis: Shoulder rounded; axial sculpture of broad, 

irregular collabral swellings. Entire surface of adults with 

primary and secondary spiral cords. 

Description: Shell less than 35 mm long, fusiform, base 

unconstricted or slightly constricted. Thick-shelled. Spire 

moderately elevated, 20—25 percent of height. Sutures ap- 

pressed. Sutural platform planar to strongly convex; 

shoulder weakly angulate to rounded; periphery at mid- 

point of body whorl. Axial sculpture absent or with up to 

six low and broad collabral swellings near the periphery. 

Spiral sculpture often lamellose, consisting of 15—18 low 

rounded spiral cords, including five to six on sutural plat- 

form and three anterior to spiral groove. Spiral cords 
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Figure 58. Type locality of Acanthina rugosa DeVries, sp. nov. 

Also shown is sample DV 423-3 with A. triangularis DeVries, 

sp. nov. from upper Pliocene marine terrace northwest of Cerro 

Huaricangana. 

equally developed, or alternatingly primary and second- 

ary, or with one or two cords near shoulder being stron- 

ger. Labral tooth short, located at or near edge of outer 

lip. Outer lip beveled inward, crenulate; inside of outer 

lip with six to nine short teeth. Columella concave, mod- 

erately excavated. Ridge posterior to fasciole poorly de- 

veloped. Pseudumbilical callus narrow, sometimes thick- 

ened. 

Juveniles more constricted anteriorly; sutural platform 

steeply inclined, planar or slightly convex. Shoulder an- 

gulate to rounded; periphery at shoulder. Sculpture rang- 

ing from lamellose, with alternating primary and second- 

ary spiral cords, to nearly smooth with a strong primary 

spiral cord on shoulder; weaker primary spiral cord an- 

terior to first; six low primary spiral cords separated by 

threadlike interspaces anterior to second cord (UWBM 

97389, Figure 60). 

Discussion: Adults of Acanthina katzi are more elongate, 

regardless of spire height, than specimens of A. rugosa. 

Their evenly convex body whorl, axial swellings, and 

strong spiral cords easily distinguish them from adults of 

A. obesa and A. triangularis, which are inflated posteri- 

orly, without axial sculpture, and generally without well 

developed secondary spiral cords. Specimens of A. katzi 

closely resemble lamellose Pliocene-Pleistocene speci- 

mens of A. unicornis, but the latter lack axial swellings 

and have apertures that are more prosocline. Similarly 

sculpted A. monodon are much larger and thinner-shelled 

than the thick-shelled A. katzi. 

The early Miocene record of Acanthina katzi in Chile 

is discussed by DeVries & Vermeij (1997). Recent field 

work has clarified the record in southern Peru. The oldest 

Peruvian specimens of A. katzi are fragments of outer lips 

in a 25-Ma coquina (UWBM 97390) near Caraveli (No- 

ble et al., 1985; DeVries, 2001la). Younger specimens 

were found at the type locality of the Chilcatay formation 

(DV 478-2) below a regional angular unconformity with 

an age estimated at 15-16 Ma and above strata dated with 

diatoms at 18-19 Ma (Dunbar et al., 1990; DeVries, 

1998). Other late early Miocene specimens were found in 

deltaic deposits at Quebrada Gramonal (USNM 447143, 
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Figures 59-67. Acanthina katzi (Fleming, 1972). Figure 59. MUSM INV 004, apertural view, <1.72. Figure 60. UWBM 97389, 

apertural view, 3.31. Figure 61. USNM 447143, apertural view, x 1.89. Figure 62. UWBM 97388, abapertural view, 3.0. Figure 63. 

MUSM INV 004, abapertural view, x 1.72. Figure 64. UWBM 97387, apertural view, X2.28. Figure 65. UWBM 97386, apertural view, 

1.90. Figure 66. UWBM 97386, abapertural view, X 1.90. Figure 67. MUSM INV 005, abapertural view, 3.09. 

Figures 68-72. Herminespina philippi (Moricke, 1896). Figure 68. UWBM 97385, apertural view, 1.73. Figure 69. UWBM 97392, 

outer lip, 1.62. Figure 70. UWBM 97393, outer lip, 1.53. Figure 71. UWBM 97394, outer lip, x 1.76. Figure 72. UWBM 97395, 
abapertural view, <1.73. 

Figure 61; also DV 574-2), also just below the lower/ 

middle Miocene regional unconformity (DeVries, 1998), 

and in strata above the unconformity (e.g., UWBM 

97389, 97388, 97387, and MUSM INV 005, Figures 60, 

62, 64, and 67, respectively). Specimens above the un- 

conformity occur with other mollusks (Turritella infra- 

carinata Gryzbowski, 1899; Concholepas unguis De- 

Vries, 1995; Concholepas chirotensis DeVries, 2000; An- 

adara sechurana Olsson, 1932) that indicate a middle 

Miocene age (DeVries, 1995, 1997b, 2000). Middle Mio- 

cene specimens of A. katzi are especially common in bas- 

al transgressive bioclastic sandstones of the Pisco for- 

mation (MUSM INV 004, Figures 59, 63; also DV 1322- 

1). Farther south, a specimen (UWBM 97386, Figures 65, 

66) was encountered near Camana in lower to middle 

Miocene beds from Quebrada Chiroteo (DeVries, 2000). 

Specimens of Acanthina katzi have never been found 

with the diverse and well preserved molluscan fauna from 
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upper Miocene nearshore deposits at Alto Grande (DV 

571-1), in which specimens of A. obesa are abundant, nor 

in upper Miocene and Pliocene deposits throughout the 

Pisco and Sacaco basins (Muizon & DeVries, 1985; 

DeVries, 1998). 

Material: (USNM specimens figured by DeVries & Ver- 

meij, 1997) USNM 447142, DV 578-12, L (15.3), W 

13.5; USNM 447143, DV 578-12, L (17.7), W (14.2); 

USNM 447144, DV 578-12, L (11.7), W 10.6; MUSM 

INV 004, DV 1325-1, L (27.1), W 20.2; MUSM INV 

005, DV 1307-1, L (11.2), W 8.5; MUSM INV 006, DV 

1258-1, fragment of posterior outer lip, L (11.8); MUSM 

INV 007, DV 1322-1, fragment of anterior outer lip, L 

(16.6); UWBM 97386, DV 815-1, L (26.6), W 21.3; 
UWBM 97387, 1021-3, L (15.1), W 11.2; UWBM 97388, 

DV 1021-3, (11.4), W 9.0; UWBM 97389, DV 1307-1, 

L 10.2, W 6.5; UWBM 97390, DV 1258-1, fragment of 

anterior portion of outer lip, L (8.2); UWBM 97391, DV 

1322-1, fragment of anterior outer lip, L (15.8). Compar- 

ative material of Herminespina philippi: UWBM 97392, 

DV 1230-3 L (21.7); UWBM 97393, DV 1230-3, L 

(22.9); UWBM 97394, DV 1230-3, L (20.0); UWBM 

97395, DV 426-3, L 28.3, W 18.2. 

Occurrence: Uppermost Oligocene to lower Miocene, 

southern Chile; uppermost Oligocene to late middle Mio- 

cene, southern Peru. 

DISCUSSION 

Ontologically Varying Rates of Morphological 

Change 

The shell morphology of Acanthina evolved at differ- 

ent rates for juveniles and adults. Juveniles of A. katzi, 

A. rugosa, A. obesa, and A. triangularis, all extinct, ap- 

pear identical in prominent characters of sculpture and 

form, but differ from juveniles of A. unicornis and A. 

monodon, both extant. In contrast, the same features in 

Acanthina adults underwent numerous changes between 

the late Oligocene and present. 

Juveniles of extinct Acanthina species have two strong 

primary cords, and the sutural platform is nearly planar. 

The resulting profile is distinctly biconic. Juveniles of A. 

unicornis and A. monodon are ovate to fusiform with five 

to seven primary spiral cords between the suture and spi- 

ral groove. The convex sutural platform merges with a 

rounded shoulder. The periphery is located at the mid- 

point of an inflated body whorl. 

The shell morphology of Acanthina adults changed re- 

peatedly. Adults of early and middle Miocene A. katzi are 

ovate, axially sculpted, and have numerous primary spiral 

cords. Adults of late Miocene A. rugosa are much broader 

than those of A. katzi. Adults of late Miocene to early 

Pliocene A. obesa are broad, but lack axial sculpture and 

usually all spiral sculpture. Only adults of late Pliocene 

A. triangularis exhibit the biconic profile, bicarinate body 

whorl, and muted spiral sculpture of extinct Acanthina 

juveniles. And only in the evolution of the round-shoul- 

dered multi-carinate A. uwnicornis from the biconic bicar- 

inate A. triangularis does morphological change occur 

simultaneously in juvenile and adults. 

Transition from Acanthina triangularis to A. 

unicornis 

Outcrops of Pliocene and lower Pleistocene nearshore 

deposits near Chala have provided a series of specimens 

grading from Acanthina triangularis to A. unicornis. A 

nearly continuous section consists of four lithologic units 

(Figure 73). Acanthinines within Units I and II are un- 

equivocally A. triangularis, whether adults or juveniles: 

biconic, biangulate, the periphery coincident with the 

shoulder, minimal spiral sculpture, and neither thick 

shelled nor dentate. 

Adults of Acanthina within the lower part of Unit III 

are neither thick shelled nor dentate, but do vary in their 

spiral sculpture. A few retain the biconic biangulate pro- 

file of typical A. triangularis. Most have a weakly an- 

gulate shoulder. On some, the shoulder is rounded. In rare 

cases, “triangularis” sculpture is replaced suddenly in the 

same specimen by “‘unicornis”’ sculpture (rounded shoul- 

der, periphery shifted to mid-point of body whorl, several 

subdued primary and secondary spiral cords). In every 

case, juvenile Acanthina exhibit the same exaggerated bi- 

conic biangularity typical of A. triangularis. 

Higher in the lower half of Unit HI, adults of Acanthina 

are more often ovate and less often biangulate. The first 

adults appear with the multi-corded imbricate sculpture 

of A. unicornis var. acuminata. Juveniles, however, are 

still biconic and biangulate. Only in the upper half of Unit 

III do typical juveniles of A. unicornis appear: fusiform, 

with several primary spiral cords between the suture and 

spiral groove. The shoulders of adults are entirely round- 

ed; the cords, numerous, moderately well developed, dif- 

ferentiated in size, and sometimes imbricate; and the out- 

er lip, thickened and sometimes dentate. 

Figure 73. Distribution of acanthinine morphology in measured section DV 1254. Specimens from Units I and II 

are Acanthina triangularis DeVries, sp. nov. Adults with the rounded shoulder of A. unicornis first appear above 

39 meters in the section, while juveniles and adults unequivocally referable to A. unicornis first appear above 50 

meters. Additional samples from correlative horizons in nearby sections, DV 4161 and DV 812, are indicated with 

dashed lines. Images of small to large specimens standardized at lengths of 1.25, 1.9, and 2.5 cm. 
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The evolution of Acanthina in southern Peru from A. 

triangularis to A. unicornis probably spanned no more 

than a few hundred thousand years between 3 Ma and 2 

Ma, occurring after the introduction of rounded andesite 

pebbles and cobbles as a major sedimentary constituent 

along the coast and before the onset of extreme sea level 

changes that helped form the nearby marine terraces. 

“Unicornis”’ features appeared first in adults and last in 

the smallest juveniles. ‘““Acuminata” characters appeared 

at the end of the A. triangularis-A. unicornis transition, 

constituting the first specimens to resemble the Pleisto- 

cene to Recent A. monodon of southern Chile and Ar- 

gentina. 

Acanthinine Origin for Herminespina 

Herminespina is an extinct muricid genus endemic to 

western South America (DeVries & Vermeij, 1997). 

Three species have been recognized: H. philippi (Mori- 

cke, 1896) (late Miocene to early Pliocene, southern Peru 

to central Chile), H. saskiae DeVries & Vermeij, 1997 

(early Pliocene, southern Peru), and H. mirabilis (M6ri- 

cke, 1896) (late early Pliocene, northern Peru to central 

Chile). DeVries & Vermeij (1997:612) suggested that 

Herminespina might be related to Acanthina based on a 

small number of shared characters, including collabral 

folds and spiral cords. 

A piece of outer lip (UWBM 97392, Figure 69) from 

Quebrada Riachuelo gives further credence to an Acan- 

thina-Herminespina connection. The fragment was found 

in the lowest shell bank of ascending paleo-beaches flank- 

ing outcrops of basement rock. Associated species (Her- 

minespina philippi (UWBM 97395, Figures 68, 72) and 

Concholepas kieneri Hupé, 1854) suggest a late Miocene 

age. The shell bank overlies shelf sandstones. These, in 

turn, overlie lagoonal and barrier-bar sandstones with 

specimens of Turritella infracarinata. Acanthina katzi, 

Concholepas unguis, and Anadara sechurana, which col- 

lectively indicate a middle Miocene age (DeVries, 

1997b). 

The worn fragment of outer lip exhibits a mix of Acan- 

thina and Herminespina characters. The numerous pri- 

mary spiral cords and evenly, broadly rounded body 

whorl with only a slight degree of anterior constriction 

are features of middle Miocene Acanthina katzi (Figures 

59, 65). The small number (five) of well formed teeth 

inside the outer lip and small labral tooth at the outer 

edge of the outer lip characterize Herminespina, partic- 

ularly H. philippi (UWBM 97393, UWBM 97394, Fig- 

ures 70, 71). 

Evolutionary History 

Vermeij (1993) speculated that South American Acan- 

thina may have evolved from a northern hemisphere pop- 

ulation of Miocene ocenebrines transitional between Nu- 

cella Réding, 1798, and Acanthinucella. The existence of 
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Figure 74. Temporal ranges for species of Acanthina. Two pe- 

riods of morphological stasis are interrupted by rapid morpho- 

logical change at about 11 Ma and 3 Ma. 

latest Oligocene Acanthina ranging from 14°S to 41°S 

suggests an earlier and more southerly origin for the ge- 

nus. To date, however, no ancestor to Acanthina, with or 

without a labral tooth, has been identified in the Oligo- 

cene fauna of southern Peru (DeVries, 1998), nor in the 

well known Eocene and Oligocene faunas of northern 

Peru (Olsson, 1928, 1929, 1930, 1931). 

The evolution of Acanthina includes two periods of 

morphological stasis when the shell form of A. katzi (25 

to 12 Ma) and A. obesa (10 to 4 Ma) remained relatively 

unchanged (Figure 74). Between 12 and 10 Ma, the ovate, 

strongly sculpted A. katzi was replaced with the broader 

A. rugosa and smoother A. obesa. Between 4 and 2 Ma, 

broad species were replaced with elongate, more strongly 

sculpted species: A. triangularis (late early Pliocene), A. 

unicornis (late late Pliocene), and A. monodon (late Pli- 

ocene or early Pleistocene). 

The two periods with rapidly evolving Acanthina also 

witnessed accelerated evolution in other muricid genera 

in western South America. Herminespina and Chorus 

Gray, 1847, both genera with a labral tooth, first appeared 

during the early late Miocene (DeVries & Vermeij, 1997; 

DeVries, 1997a). Both may represent an early Miocene 

acanthinine radiation, although no Acanthina-Chorus 

transitional material so far has been found. The large 

quadrate Concholepas kieneri also evolved from a much 
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smaller species of Concholepas at the same time (De- 

Vries, 2000). 

The late early and late Pliocene were also eventful 

times for western South American muricids: the appear- 

ance of new taxa of Herminespina and the subsequent 

extinction of the genus; the appearance of Chorus gigan- 

teus (Lesson, 1830) and its local extinction in Peru, as 

well as the extinction of all other species in the genus; 

and the evolution of labral teeth in Concholepas and con- 

comitant extinction of all untoothed species of Concho- 

lepas (DeVries, 1995, 1997a, 2000). Rapid evolution 

within these muricid clades coincided with high extinc- 

tion and immigration rates for the entire molluscan fauna 

in western South America (Herm, 1969; DeVries, 2001b, 

2002). 
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APPENDIX 

List of Samples and Localities 

Latitudes and longitudes followed by the designation 

“GPS” were obtained from replicated or averaged non- 

differential values obtained from global positioning sat- 

ellites using a Magellan 2000XL instrument. Repeated 

GPS measurements rarely varied by more than one sec- 

ond and were checked against the appropriate 1:100,000 

topographic map. 

Aguada de Jahuay Probably where about 100 m up- 

stream from where access road cuts 

across Quebrada Jahuay, lower 5 m 

of section at base of quebrada. 

15°21'20"S, 74°53’06"W (Acari 1: 

100,000 quadrangle). Locality of 

V. Alleman, designated samples 

DV 024 and DV 028 by the author. 

Uppermost Miocene to Lower Pli- 

ocene. 

Cerro Alto Km 22 carretera Acari, Sacaco. Lo- 

cality of V. Alleman, designated 

sample DV 025 by the author. 

Lower Pliocene. 

Lo Abarca About 10 km northeast of San An- 

tonio, outcrop of indurated sand- 

stone and conglomerate near foot 

of hill on south side of road from 

San Sebastian at western edge of 

village of Lo Abarca, Chile. 

33°32'S, 71°33'W. Upper Miocene 

to lower Pliocene. 

DV 272 2.5 km southwest village of La 

Brea, Quebrada Songora. 4°42'49"S, 

81°05'35”W. 

DV 273 14km southeast village of La Brea; 

northwest arm of Quebrada Cardo 

Grande. 4°48'21”S, 81°01'49"W. 

Taime Formation, upper Pliocene. 

DV 360-2 Sud Sacaco, western end of ridge 

extending from Panamerican High- 

way. 15°34'43"S, 74°43’17"W (Yau- 

ca 1:00,000 quadrangle). Pisco For- 

mation, lower Pliocene. 

DV 361-5 Sud Sacaco: northeast’ depres- 

sion near Panamerican Highway. 

15°34'17"S, 74°43'26"W (Yauca 

1:100,000 quadrangle). Pisco 

Formation, lower Pliocene. 

DV 369-3 East slope Aguada de Lomas, 
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DV 370-2 

DV 382-1 

DV 387-3 

DV 423-3 

DV 426-3 

DV 468-2 

DV 478-2 

DV 571-1 

DV 574-2 
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south of abandoned HierroPeru 

road. 15°28'32"S, 74°47'30"W (Ac- 

ari 1:100,000 quadrangle). Pisco 

Formation, upper Miocene. 

West side Aguada de Lomas, ter- 

raced surface. 15°29’S, 75°49'W 

(Acari 1:100,000 quadrangle). Pis- 

co Formation, upper Miocene. 

San Juan/Lomas road, kilometer 

marker 50, flat-topped knoll south of 

highway. 15°22’02”S, 75°05'26"W 

(San Juan 1:100,000 quadrangle). 

Remnant of marine terrace, upper 

Pleistocene. 

South side of Quebrada Huarican- 

gana, above basement rock plat- 

form, second resistant horizon 

above white diatomaceous bed. 

14°58'44"S, 75°19'23"W (Palpa 1: 

100,000 quadrangle). Pisco For- 

mation, lower Pliocene. 

Mollusk bed capping south side of 

northeast knob of double-knobbed 

mesa north of Quebrada Huarican- 

gana. 14°55'33"S, —_75°17'41"W 

(Puerto Caballas Quadrangle 1: 

50,000). Marine terrace, uppermost 

Pliocene to lowermost Pleistocene. 

West Gulch, Quebrada Huarican- 

gana, about 130 meters above base 

of section, in mixture of sand, 

boulders, and cobbles (Palpa 1: 

100,000 quadrangle). 

Playa Yanyarina, about 22 km 

southeast of San Juan de Marcona. 

15°27'S, 74°59'W (Acari 1: 

100,000 quadrangle). Recent. 

Lomas Chilcatay, northeast end of 

outcrop. 14°11'42”S 76°06'57"W 

(Punta Grande 1:100,000 quadran- 

gle). Chilcatay Formation, lower 

Miocene. 

El Jahuay, hillside west of Pana- 

merican Highway, south of intersec- 

tion with road northwest to San 

Juan de Marcona. In fact, place 

name is a misnomer—maps label 

the area Alto Grande. (Area dis- 

turbed following highway construc- 

tion in early 1990s.) 15°26'57’S, 

74°52'06"W  (Yauca_ 1:100,000 

quadrangle). Pisco Formation, up- 

per Miocene. 

Quebrada Gramonal, east side of 

canyon headwall, top of deltaic 

foreset beds of coarse-grained 

DV 578-12 

DV 579-2 

DV 812-1 

DV 815-1 

DV 1019-1 

DV 1021-3 

DV 1230-1 

DV 1230-3 

DV 1258-1 

bioclastic sandstone. 14°45'13”S 

75°30'39"W (Lomitas 1:100,000 

quadrangle). Chilcatay Forma- 

tion, lower Miocene. 

Double-knobbed hill N of Fundo 

Santa Rosa, E side of Rio Ica, top 

of cross-bedded sandstone sets. 

14°46'28"S, 75°30'43”"W (Lomitas 

1:100,000 quadrangle). Lower to 

middle Miocene. 

One kilometer east of double 

knobbed hill, south of mouth 

of Quebrada Gramonal, east 

side of the Rio Ica. 14°46’30’S, 

75°30'06"W_ (Lomitas 1:100,000 

quadrangle). Chilcatay Formation, 

lower Miocene. 

South side of Quebrada Huacllaco, 

roadcut along Panamerican High- 

way. 15°52’'S, 74°11’W (Chala 1: 

100,000 quadrangle). La Planchada 

Formation, upper Pliocene. 

Head of Quebrada Chiroteo, Pana- 

merican Highway, where it turns 

into Quebrada del Toro, at an ele- 

vation of about 500 m (Camana 1: 

100,000 quadrangle). Camana For- 

mation, Middle Miocene. 

About 0.5 km north of pass where 

road to coast climbs out of Gra- 

monal valley and passes toward 

Fundo Santa Rosa. 14°45'50’S, 

75°30'22"W (GPS; Lomitas 1: 

100,000 quadrangle). Pisco For- 

mation, middle Miocene. 

East side Quebrada Gramonal, hill- 

side above point where road to 

coast crosses from western to east- 

ern side of quebrada; 44.6 m in 

section. 14°44'19"S, 75°31'02"W 

(GPS; Lomitas 1:100,000 quadran- 

gle). Pisco Formation, middle Mio- 

cene. 

Fourth white shell bank from base 

of outcrop, flanking basement 

knoll, east side Quebrada Riacheu- 

lo. 14°40'45”S, 75°29'20"W (Palpa 

1:100,000 quadrangle). Pisco For- 

mation, lower upper Miocene. 

As for 1230-1, lower three shell 

banks; Acanthina/Herminespina 

specimen from lowest shell bank. 

Pisco Formation, lower upper Mio- 

cene. 

Altos de Gramadal, south of Car- 

aveli, INGEMMET sect J from Pe- 
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DV 1307-1 

DV 132 i) -1 

DV 1325-1 

JM84319B 

LACM 72-157.2 

LACM 75-32.4 

cho (1983); coquina block fallen 

from horizon 21. 15°56'35"S, 
73°19'19"W (GPS; Caraveli 1: 

100,000 quadrangle). Basal Ca- 

mana Formation, latest Oligocene. 

Bluff east of the mouth of Quebra- 

da Gramonal, overlooking road to 

Fundo Santa Rosa. 14°45'48"S, 

75°30'23"W (GPS; Lomitas 1: 

100,000 quadrangle). Middle Mio- 

cene. 

Pass to Penon. 14°26'04"S, 

75°51'00"W (GPS: Ica 1:100,000 

quadrangle). Middle Miocene. 

Outcrops in hills south of El Pen- 

on road. 14°27'44”"S, 75°50'29"W 

(GPS: Ica 1:100,000 quadrangle). 

Middle Miocene. 

Toward coast from Palpa (Palpa 1: 

100,000 quadrangle). Pleistocene. 

Intertidal, Punta Alert, Isla Knock- 

er, Magallanes Province, Chile 

(49°52'48"S, 75°13'18"W). Recent. 

Intertidal, Punta El Lacho, north of 

Cartagena, Santiago Province, 

Chile (33°30'S, 71°39'W). Recent. 
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LACM 54679 

UCMP 3102 

UCMP D-3735 

UCMP D-5826 

UNLP 1398 

UNLP 1407 

UNLP 26668 

Intertidal, Punta Baxa, Magallanes 

Province, Chile. Recent. 

Chile. 35°S, 72°W. Recent. 

Along Panamerican Highway, about 

11.2 km north of La Serena, from 

outcrops in deep roadcut along 

south side of deep quebrada; basal 

fine-grained sandstones with lenses 

of gravel. 29°48'30"S, 71°16'30"W 

(Coquimbo 1:50,000 quadrangle). 

Late Pliocene. 

Sandy outcrops along bank of 

stream, 1.5 km south of improved 

road at Estero El Ganso. 34°13’S, 

71°45'W (Central Rapel 1:50,000 

quadrangle). Pliocene. 

Surface, Bahia Sanguinetti, Santa 

Cruz Province, Argentina. Holo- 

cene/Pleistocene. 

Bahia Sanguinetti, Santa Cruz 

Province, Argentina. Holocene/ 

Pleistocene. 

Uplifted marine terrace, Camaro- 

nes, Chubut Province, Argentina. 

Pleistocene. Also UNLP 26669, 

26670. 
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Abstract. A new species of cypraeid gastropod, Zonaria (Zonaria) frassinettii, sp. nov. is described from the lower 

upper Miocene (Tortonian), Navidad Formation, north of Matanzas, Cardenal Caro Province, central Chile. This new 

species represents the southernmost record for a cypraeid species in the Western Hemisphere. 

INTRODUCTION 

Philippi (1887) described Cypraea chilensis, the first 

known Chilean cypraeaoidean, from Miocene strata near 

Caldera, Atacama Province, based on a poorly preserved 

internal mold that is missing from the Philippi Collection 

in the Museo Nacional de Historia Natural, Santiago, 

Chile (D. Frassinetti, personal communication, to LTG, 

2001). This species was reassigned to the genus/subgenus 

Luria (Basilitrona) by Schilder (1941). Tavera Jerez 

(1979) reported Cypraea (Eocypraea) sp. from the Na- 

vidad Formation, Colchagua Province. Unfortunately, the 

cited material of Tavera Jerez (1979) is currently unavail- 

able for examination. Cypraea sp. of Covacevich & Fras- 

sinetti (1980) is the new species of Zonaria sensu stricto 

described herein. 

STRATIGRAPHY AND AGE 

Darwin (1846:127) described outcrops of ‘yellowish, 

earthy sandstones, with ferruginous veins, and with con- 

cretions of hard calcareous sandstone’? near Navidad, 

Cardenal Caro Province, central Chile that contained 

“shells in great abundance.’’ He referred to these out- 

crops as the “‘Formation of Navidad.’ The “Piso de Na- 

vidad”’ of Steinmann (1895) included Paleocene through 

upper Miocene strata, which Briiggen (1934) divided into 

the “Piso de Concepcién (Paleocene and Eocene) and 

“Piso de Navidad”? (Oligocene and Miocene) formations. 

Tavera (1942) considered the “‘Piso de Navidad’’ to be 

lower Miocene. For additional stratigraphic nomenclatur- 

al details of the Navidad Formation, as well as sedimen- 

tology, see Hoffstetter et al. (1957). Tavera Jerez (1979) 

subdivided the Navidad Formation into three members (in 

ascending stratigraphic order; Navidad, Lincancheo, and 

Rapel) and assigned them an early Miocene age based on 

foraminifera. A fossil-bearing locality at Matanzas, near 

Navidad (SGOPI loc. 031282) was described by Frassi- 

netti & Covacevich (1993) (Figure 1), who earlier (Cov- 

acevich & Frassinetti, 1980) produced a preliminary list 

of the molluscan species. The age of the Navidad For- 

mation is still uncertain as some authors consider it to be 

early Miocene (Dremel in Herm, 1969; Tavera Jerez, 

1979; Frassinetti & Covacevich, 1993) whereas others 

have supported a late Miocene age (Tsuchi et al., 1990; 

Ibaraki, 1992; Nielsen & DeVries, 2002) for the same 

localities. 

Eleven non-type specimens of the new species de- 

scribed herein were collected from the Rada de Ranquil 

beds of Fuenzalida (1938) [= Piso de Ranquil of Tavera 

(1942)] for deposits in Arauco Province, Chile. Based on 

unpublished foraminiferan data, a Tortonian (early late 

Miocene) age was determined for this locality by Mar- 

garita Marchant (personal communication, to SNN, 

2001). Based on molluscan faunal similarities we utilize 

this Tortonian age determination for the Navidad and 

Ranquil formations. 

MATERIALS and METHODS 

Abbreviations used for institutional catalog and/or local- 

ity numbers are as follows: LACM, Natural History Mu- 

seum of Los Angeles County, Los Angeles, California, 

USA; SGOPI, Departamento de Paleontologia de Inver- 

tebrados, Museo Nacional de Historia Natural, Santiago, 

Chile; and SME Senckenberg-Museum, Frankfurt am 

Main, Germany. 

Measurement parameters are defined as follows: length 

greatest distance between anterior and posterior ter- 

mini; width = greatest distance between lateral margins; 

and height = greatest distance between base and dorsum. 



Page 352 The Veliger, Vol. 46, No. 4 

Our classification follows that of Schilder & Schilder 

(1971). 

SYSTEMATIC PALEONTOLOGY 

Superfamily CYPRAEOIDEA Rafinesque, 1815 

Family CyYPRAEIDAE Rafinesque, 1815 

Subfamily ERRONEINAE Schilder, 1927 

Genus Zonaria Jousseaume, 1884 

Type species: Cypraea zonata Lamarck, 1810 (non 

Chemnitz, 1788) [= Cypraea zonaria Gmelin, 1791], by 

original designation. Recent, West Africa. 

Diagnosis: Shell medium to large, pear-shaped; labial lip 

narrow, teeth elongate; aperture straight, anteriorly 

curved toward columella; teeth on posterior canal weak; 

anterior columellar tooth oblique; fossula narrow with in- 

ner marginal teeth weak or absent; anterior and posterior 

canals deep; spire without furrow but commonly ribbed. 

Geologic range: Lower Miocene (Aquitanian) to Recent. 

Geographic distribution: Recent: Mediterranean Sea, 

West Africa, and Panamic Province of western Central 

America and northwestern South America, Fossil: Italy, 

France, Cape Verde and Canary Islands, Puerto Rico, Ja- 

maica, Florida, Baja California, México, Los Angeles 

County, California, and Chile. 

Remarks: Groves (1994) reviewed the paleontological 

history of the genus Zonaria in the Caribbean and west- 

ern Central America and described Z. (Z.) emmakingae 

from the early Miocene of southern California. In a re- 

view of Neogene cypraeoideans of northwest Ecuador, 

Groves (1997) described two new Pliocene species of 

Zonaria and refigured Z. (Pseudozonaria) telembiensis 

(Olsson, 1964) from the late Miocene of Angostura Prov- 

ince. This is the first record of Zonaria from Chile. 

Subgenus Zonaria Jousseaume, 1884 

Zonaria (Zonaria) frassinettii Groves & Nielsen, 

sp. nov. 

(Figures 2,3) 

Cypraea sp. Covacevich & Frassinetti, 1980:285. 

Diagnosis: A Zonaria with narrow labial lip, relatively 

straight aperture, weak teeth on posterior canal, and 

smooth narrow fossula. 

Description: Shell pear-shaped, of medium size; spire 

covered; dorsum moderately arched; maximum height 

slightly posterior of midpoint; aperture relatively straight, 

curving posteriorly toward columella and much wider an- 

teriorly than posteriorly; denticulation slightly coarse 

with smooth interstices; labial lip with 12 to 15 teeth and 

PACIFIC 

OCEAN 

Pta. Perro 

SGOPI 

031282 

“Matanzas _.--?~ 
os. o » . 
a er eo z ay o* 

Figure 1. Index map of central Chile showing localities of the 

new species described herein (Type locality = SGOPI 031282). 

Dashed lines represent roads, solid lines represent waterways 

(modified from Nielsen & DeVries, 2002). 

columellar lip with two to four teeth, fossula smooth and 

narrow; basal marginal callus slight to moderate; terminal 

canals deep. 

Material: The new species is represented by the well 

preserved holotype and paratype from the Navidad For- 

mation, north of Matanzas, Santiago Province and 11 

non-type specimens from the Ranquil Formation, north of 

Lebu, Arauco Province. Six non-types are deposited in 

SME two in LACM Invertebrate Paleontology (loc. 

17614), and three in the reference collection of the junior 

author. 

Type material: Holotype SGOPI.4972, Paratype SGO- 
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Figures 2, 3. _ Zonaria (Zonaria) frassinettii Groves & Nielsen, sp.nov., holotype SGOPI 4972, SGOPI loc. 031282 [length = 27.4 
mm]. Figure 2. Dorsal view. Figure 3. Apertural view. 

PI.4971. The holotype measures 27.4 mm in length, 16.7 

mm in width, and 11.9 mm in height. The paratype mea- 

sures 28.7 mm in length, 18.3 mm in width, and 13.1 mm 

in height. 

Type locality: Tidal platform approximately one km 

north of Matanzas (33°57'27"S, 71°52'15”W), Cardenal 

Caro Province, central Chile (SGOPI loc. 031282). Early 

late Miocene (Tortonian), Navidad Formation. 

Comparison: The new species is most similar to the mor- 

phologically variable Pliocene to Recent Zonaria (Zon- 

aria) annettae (Dall, 1909) of the Panamic Province and 

the similarly variable Pleistocene to Recent Z. (Z.) pyrum 

(Gmelin, 1791) of the Mediterranean Sea and West Af- 

rica. Zonaria (Z.) frassinettii has a much more prominent 

marginal callus than either of the similar species and has 

finer dentition on the outer lip. The new species also re- 

sembles the morphologically variable Z. (Z.) porcellus 

(Brocchi, 1814) from middle to upper Pliocene strata of 

northern Italy but has coarser dentition and a wider ap- 

erture. When compared to Pilsbry’s (1922) illustration of 

the holotype of Z. (Z.) spurcoides (Gabb, 1873) from the 

Miocene of the Dominican Republic, the new species 

compares favorably to the lateral view but not to the ap- 

ertural view. The apertural dentition of the new species 

is much coarser than that of Z. (Z.) spurcoides. 

Discussion: The excellent preservation of the new spe- 

cies allows for unequivocal generic and subgeneric as- 

signment. The presence of Zonaria (Z.) frassinettii and 

the associated warm-water gastropod genera Ficus, Dis- 

torsio, Echinophoria, and Olivancillaria in the Navidad 

Formation (Covacevich & Frassinetti, 1980) indicates that 

subtropical to tropical climatic conditions existed during 

the Miocene in what is now central Chile. The new spe- 

cies represents the southernmost record for a cypraeo- 

idean in the Western Hemisphere. 

Etymology: This species is named for Daniel Frassinetti, 

Curator at the Museo Nacional de Historia Natural, San- 

tiago, Chile, who collected the type material. 
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Abstract. The opisthobranch Melibe leonina both swims and crawls. Elective response between these two modes 

makes M. leonina a model organism for studies of gastropod locomotion. The effect of activity on the metabolic rate 

of M. leonina was investigated in three phases: (1) oxygen consumption rates were measured during alert, crawling, and 

swimming states; (2) anaerobic energy output was investigated by measuring whole-body levels of anaerobic enzymes; 

and (3) estimates of net cost of transport (COT,,,) for swimming and crawling were established. Melibe leonina exhibited 

a two-fold increase in oxygen consumption between alert (234 wL O, h™! for a 10 g animal) and crawling (477 pL O, 

h-') states, and a six-fold increase in oxygen consumption between alert and swimming (1380 pL O, h~'!) states. Opine 

dehydrogenases were not detected in whole body tissue and only low levels of lactate dehydrogenase (0.23 IU g wet 

tissue"! min~!') were found. This indicates that both swimming and crawling are supported aerobically in M. leonina. 

Swimming COT,., (6 mL O, kg"! m‘'!) and crawling COT,,, (5 mL O, kg™! m™'!) were similar to each other. However, 

when these values were compared to those of other swimming and crawling invertebrates, it was found that M. leonina 

displayed the typically high cost of gastropod crawling but swimming COT fell above the 95% confidence interval for 

energy costs associated with invertebrate swimming. 

INTRODUCTION 

Metabolic energy must be converted into mechanical en- 

ergy to generate the forces and power required for loco- 

motion. These expenses establish boundaries on foraging, 

larval dispersal, and reproduction, and ultimately influ- 

ence an animal’s ecology. Invertebrate running, swim- 

ming, and flying have been widely studied (see Full, 

1997). However, some gastropods, among them Melibe 

leonina (Gould, 1853), swim as well as crawl, and the 

energetics of gastropod swimming have not yet been in- 

vestigated. 

Three general modes of opisthobranch swimming have 

been recorded: (1) parapodial or mantle flapping (Gas- 

tropteron, Hexabranchus, and Aplysia); (2) dorso-ventral 

undulation (Tritonia and Pleurobranchaea); and (3) lat- 

eral bending (Melibe and Dendronotus) (Farmer, 1970). 

Swimming in M. leonina can be evaluated in five parts. 

The behavior begins when (1) the oral hood closes and 

the anterior part of the foot detaches from substrate; (2) 

the sole of the foot folds in half while the body com- 

presses laterally; and (3) lateral bending causes oral hood 

rhinophores to encounter the tail. The swimming bout 

* Corresponding author: Telephone: (360) 650-7251; Fax: 

(360) 650-3148; e-mail: donovan @biol.wwu.edu 

ends when (4) the anterior part of the foot locates suitable 

substratum and (5) the anterior foot attaches to the sub- 

stratum, ensuring settlkement (Hurst, 1968; Lawrence, 

1997). Swimming bouts can last for a few seconds to well 

over an hour (Lawrence, 1997; personal observation). In- 

dividual animals often make several attempts to settle to 

the substratum but the foot does not stay attached (most 

often observed in animals 1 to 5 grams) (Hurst, 1968; 

Ajeska & Nybakken, 1976; Lawrence, 1997, personal ob- 

servation) and animals will on occasion stop swimming 

without the foot being engaged on the substratum (Agers- 

borg, 1923; Lawrence, 1997). 

The function of swimming in M. leonina remains un- 

clear. Agersborg (1919, 1921), having observed masses 

of M. leonina copulating, suggested that swimming is as- 

sociated with reproduction. Swimming has also been 

linked to foraging (Hurst, 1968) and population dispersal 

(Mills, 1994). Swimming most often occurs at night in 

California populations where M. leonina individuals trav- 

el between stipes of the kelp Macrocystis integrifolia 

(Ajeska & Nybakken, 1976). Laboratory studies have 

shown that M. leonina spontaneously swims more than 

20 times per hour during the night and approximately 

once per hour during the day (Watson et al., 2001). In 

Washington, M. leonina lives mainly on the eelgrass Zos- 
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tera marina, and individuals have been observed swim- 

ming spontaneously between eelgrass blades (personal 

observation). Studies have shown that swimming can be 

readily elicited by chemical (1M KCl) and tactile stimuli 

(light, touch, change in water flow) (Hurst, 1968; Jing & 

Gillette, 1995; Lawrence, 1997, personal observation). As 

well, swimming can be stimulated by the predatory sea- 

star Pycnopodia helianthoides (Lawrence, 1997). 

Crawling is the other form of locomotion used by M. 

leonina. Gastropods locomote by generating rhythmic 

waves on the ventral surface of their pedal musculature, 

and wave patterns differ among species (Miller, 1974). 

These patterns are determined by the direction the wave 

travels and the portion of the foot it occupies. Melibe 

leonina uses monotaxic, indirect waves for crawling 

(Bickell-Page, 1991). In this case, the waves cover the 

entire foot and travel in the direction opposite of snail 

movement. A thin film of mucus is secreted by pedal 

glands to allow gliding over and adhesion to the substra- 

tum, and this probably explains the generally high ener- 

getic costs of this form of locomotion (Denny, 1980). 

While there are many marine gastropods that utilize 

both swimming and crawling for movement, the energy 

costs associated with swimming and how they compare 

to that of crawling in these organisms is unknown. In this 

study, the energetics of Melibe leonina were investigated 

in three phases. In the first phase, the rate of oxygen 

consumption of M. leonina was measured during alert, 

crawling, and swimming activity states to determine aer- 

obic energy costs. Second, anaerobic energy sources were 

investigated by measuring the levels of enzymes which 

regularly contribute to anaerobic metabolism in inverte- 

brates. Last, estimates of the cost of transport for both 

swimming and crawling for M. leonina were established. 

METHODS 

Experimental Animals 

Melibe leonina individuals were collected from Padilla 

Bay, Washington along with eelgrass from collection 

sites. They were gathered by snorkeling or SCUBA when 

population distributions were patchy and low in abun- 

dance and by hand dipnets when numerous. They were 

maintained at Shannon Point Marine Center, Anacortes, 

Washington, held in sea-tables with a constant flow (500 

mL min~') of fresh seawater. Ambient temperature at 

which the nudibranchs were held ranged from 8 to 12°C 

with an average temperature of 10°C and an average sa- 

linity of 30.7 ppt. The sea-tables were located under a 

window, establishing photo-periods of ambient light re- 

gime. 

The animals were fed with associated eelgrass fauna 

and with supplemental weekly feedings of Artemia sp. 

Experiments were conducted within 2 days of collection 

for determination of aerobic energy expenditure and cost 

of transport. Nudibranchs survived beyond 30 days in 

sea-tables. 

Aerobic Energy Consumption 

For each oxygen consumption trial, M. leonina (n = 

19; 1.15—-24.17 g range in wet body mass) were placed 

individually in one of two round, perspex respirometers 

(140 mL or 650 mL depending on animal size). An ox- 

ygen electrode (Cameron Instrument Company, Pt. Aran- 

sas, Texas) was placed in the respirometer chamber and 

the chamber was placed in a temperature controlled cool- 

ing jacket. The electrode was connected to an oxygen 

monitor (DI 2000, Cameron Instrument Company) which 

in turn was connected to a data acquisition system 

(DataQ, Akron, Ohio) allowing the oxygen tension in the 

respirometer to be monitored continuously. Oxygen con- 

sumption rates were determined during three states of ac- 

tivity for each animal: alert (the nudibranch was station- 

ary and displayed no obvious contractions of the oral 

hood when the oral hood was expanded), crawling (hood 

was extended while the foot of the nudibranch was at- 

tached to the substratum with apparent forward move- 

ment), and swimming (posterior portion of foot was de- 

tached from substratum and body exhibited lateral un- 

dulations). Swimming and crawling were initiated 

through tactile stimulation. Only animals that exhibited 

all three states for a minimum of 5 minutes each were 

used for analysis. 

Anaerobic Energy Consumption 

In order to determine which pyruvate reductase end- 

products might be produced by M. leonina during an- 

aerobiosis, whole tissue samples of the nudibranch (n = 

3) were analyzed for a range of pyruvate reductase en- 

zymes. The nudibranchs were individually homogenized 

in a 2 mL buffer: 1 g animal ratio (50 mM imidazole- 

HCl buffer, 1 mM EDTA, 1 mM dithiothreitol, pH 7.2) 

with an Ultra-Turrax homogenizer. Homogenates were 

centrifuged for 2 minutes at 3000 rpm and 25°C. Super- 

natants were placed on ice and assayed within | hr. Py- 

ruvate reductase activity was determined by following the 

reduction of NADH at 340 nm using a spectrophotometer 

at 25°C. Controls lacking substrate were run to allow for 

non-specific activity. 

The compositions of the reaction mixtures for the var- 

ious pyruvate reductases were as follows: lactate dehy- 

drogenase, 2.5 mM pyruvate, 0.15 mM NADH, 50 mM 

imidazole-HCl buffer, pH 7.0; tauropine dehydrogenase, 

80 mM taurine, 2.5 mM pyruvate, 0.15 mM NADH, 50 

mM imidazole-HCl buffer, pH 7.0; octopine dehydroge- 

nase, 20 mM arginine, 2.5 mM _ pyruvate, 0.15 mM 

NADH, 50 mM imidazole-HCl buffer, pH 7.0; strombine 

dehydrogenase, 200 mM glycine, 2.5 mM pyruvate, 0.15 

mM NADH, 50 mM imidazole-HCl buffer, pH 7.0; ly- 

sopine dehydrogenase, 100 mM lysine, 2.5 mM pyruvate, 
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0.15 mM NADH, 50 mM imidazole-HCl buffer, pH 7.0; 

alanopine dehydrogenase, 100 mM alanine, 2.5 mM py- 

ruvate, 0.15 mM NADH, 50 mM imidazole-HCl buffer, 

pH 7.0; B-alanopine dehydrogenase, 100 mM f-alanine, 

2.5 mM pyruvate, 0.15 mM NADH, 50 mM imidazole- 

HC! buffer, pH 7.0. 

Cost of Transport (COT) 

Total cost of transport (COT,,, mL O, kg~! m~') is used 

as a measure of aerobic energy expenditure per unit of 

distance traveled and is defined as the total amount of 

oxygen needed to move a unit of animal mass over a unit 

of distance. Cost of transport is calculated by dividing the 

mass-specific oxygen consumption of a moving animal 

by its speed (Schmidt-Nielsen, 1972). In comparison, net 

cost of transport (COT,,,) is calculated by subtracting 

standard oxygen consumption (alert) from active oxygen 

consumption rates (swimming or crawling) before divid- 

ing the result by the speed of locomotion. 

Since it was impossible to simultaneously measure 

mass specific oxygen consumption and swimming speed 

in the respirometer, an estimate of the net cost of transport 

during swimming was determined in the following man- 

ner. Average speed of M. leonina swimming in the res- 

pirometer was estimated by placing M. leonina (n = 10; 

average mass 10.06 + 1.46 g) individually in a respirom- 

eter and counting the number of undulations during an 

approximately 5 min swimming session. The distance 

each animal was able to travel during the swimming ses- 

sion was then estimated by placing the same animal in a 

glass aquarium with motionless water and measuring the 

distance covered in 1 minute while counting the number 

of undulations. The average distance covered in one un- 

dulation (from the tank) was then integrated with the 

number of undulations in the respirometer to give an av- 

erage speed. COT,,., was then calculated by subtracting 

the alert rate of oxygen consumption from the swimming 

rate of oxygen consumption for a 10 g animal (see Re- 

sults) and dividing by the average swimming speed. 

Crawling COT,,, was estimated in a similar manner. To 

determine the average speed of M. leonina in the respi- 

rometer, two 1 cm grids were used. The first was fixed to 

the outside of the respirometer so the entire chamber was 

covered. The second was hand-held and used to trace the 

route the animal was able to travel. Melibe leonina (n = 

10; average mass 10.27 + 0.69 g) were placed individ- 

ually in a respirometer, and the route the animal traveled 

was traced on the hand-held 1 cm grid while the time 

spent crawling was recorded. The distance traveled was 

then calculated from the traced route and divided by the 

crawling time to determine crawling speed. COT,,, was 

then calculated by subtracting the alert rate of oxygen 

consumption from the crawling rate of oxygen consump- 

tion for a 10 g animal (see Results) and dividing by the 

average crawling speed. 
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RESULTS 

Aerobic Energy Consumption 

Oxygen consumption increased with increasing animal 

mass for all three activity states (Figure 1). The slopes of 

the regression equations were not statistically different 

(F055) = 0.123, P > 0.5; ANCOVA) which indicates that 

mass affects metabolic rate in the same manner for all 

three states. The intercepts, however, were statistically 

different (F955; = 52.18, P < 0.001; ANCOVA), with 

each intercept falling into its own subgroup (all P < 0.05; 

Tukey’s multiple comparison test) indicating that the 

swimming state was metabolically more expensive than 

crawling, which was in turn more expensive than alert. 

Oxygen consumption for a representative 10 g Melibe 

leonina was calculated from these regression equations. 

Swimming oxygen consumption rates were the highest 

(1380 pL O, h-'!) followed by crawling oxygen con- 

sumption (447 wL O, h~') and alert oxygen consumption 

(234 pL O, h"'!). Thus, aerobic expansibility (the ratio 

between maximal sustainable oxygen consumption and 

inactive oxygen consumption) was 5.9 for a 10 g swim- 

ming M. leonina and 1.9 for a 10 g crawling M. leonine. 

Anaerobic Energy Consumption 

All known opine dehydrogenases were absent from M. 

leonina body tissue, and only small amounts of lactate 

dehydrogenase were present (Table 1). 

Cost of Transport 

To compare the two modes of locomotion (crawling 

and swimming), COT,,., for a 10 g M. leonina was cal- 

culated for each. Average speed of crawling was 4.3 + 

3.1 mh"! and of swimming was 19.8 + 6.7 m h™!. From 

these average speeds and from the differences in active 

and alert oxygen consumptions, COT,,, was estimated to 

be 5 mL O, kg”! m''! during crawling and 6 mL O, kg"! 

m~! during swimming. 

DISCUSSION 

Melibe leonina appears to be a typical opisthobranch with 

respect to standard rates of aerobic and anaerobic energy 

expenditure. Carefoot (1967) reported a standard V,, of 

960 wL O, h“! for 30 g Archidoris pseudoargus, 720 L 

O, h"! for 30 g Aplysia punctata, and 135 pL O, h“! for 

3 g Dendronotus frondosus. Ajeska & Nybakken (1976) 

measured respiration rates for Melibe leonina from Mon- 

terey Bay, California. Their largest animals (8—9 g) con- 

sumed approximately 162 pL O, h7' (temperature not 

specified), comparable to 234 wL O, h"! for a 10 g M. 

leonina found in this study. Ajeska & Nybakken (1976) 

concluded that juvenile M. Jeonina consume more oxygen 

per unit body mass than adults and attributed this to an 

increased activity level for juveniles. However, this study 
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Figure 1. Regression of oxygen consumption (wL O, h~') on mass (g) for Melibe leonina in the alert (circle), crawling (square), and 

swimming (triangle) states. The regression equations for each state of activity were: log alert Vj, = 1.56 + 0.81 log mass, r = 0.61; 

log crawling Vo, = 1.90 + 0.75 log mass, r° = 0.67; and log swimming Vj, = 2.44 + 0.70 log mass, r = 0.51. 

shows that smaller M. leonina consume relatively more 

oxygen than larger M. leonina on a per-gram basis (in- 

dicated by the log V,, vs. log mass slopes of 0.70 to 0.81) 

even when activity levels are accounted for, as would be 

expected from simple scaling principles. 

Melibe leonina is capable of periods of sustained 

swimming (one animal swam for 1.5 hr in the respirom- 

eter, and was still swimming when the run was terminat- 

Table | 

Pyruvate reductase activities in whole body tissue of Me- 

libe leonina (n = 3). Enzymes which were not detected 

are designated by nd. 

Activity (IU g™! min“!; 

Enzyme 25°C) (mean + SE) 

Lactate dehydrogenase 0.23 + 0.02 

Tauropine dehydrogenase nd 

Octopine dehydrogenase nd 

Strombine dehydrogenase nd 

Lysopine dehydrogenase nd 

Alanopine dehydrogenase nd 

6-Alanopine dehydrogenase nd 

ed). This can lead to functional hypoxia which arises 

when oxygen is present in the environment but insuffi- 

cient amounts are being transported to working muscles. 

In addition to aerobic energy sources, many invertebrates 

rely on anaerobic energy during periods of functional 

hypoxia, and many gastropods rely on pyruvate reductas- 

es during sustained functional hypoxia when compared to 

other anaerobic sources during environmental hypoxia 

(de Zwaan, 1983). Melibe leonina, however, appears to 

rely solely on aerobic energy sources since only minimal 

levels of lactate dehydrogenase (LDH) and no other 

known pyruvate reductases were present in whole animal 

tissue (Table 1). This LDH value is one to two orders of 

magnitude smaller than that of other marine invertebrates 

that readily utilize LDH for anaerobic metabolism. For 

example, the foot of the abalone Haliotis kamtschatkana 

was found to contain 20.1 IU g wet muscle"! min“! of 

tauropine dehydrogenase (TDH) and 9.1 IU g wet mus- 

cle~! min! of LDH while the adductor muscle contained 

29.0 IU g wet muscle"! min™! and 1.2 IU g™! wet mus- 

cle"! min“! of TDH and LDH, respectively. Combined, 

these enzymes contribute 21% of the energy needed for 

abalone to locomote (Donovan et al., 1999). The low lev- 

els of LDH and the absence of opine dehydrogenases in 
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M. leonina tissues are consistent with levels found in oth- 

er nudibranchs (Livingstone et al., 1983; Livingstone et 

al., 1990; Sato et al., 1993). This indicates that nudi- 

branchs in general may rely on aerobic energy sources 

for locomotion. 

It was determined that swimming is a relatively expen- 

sive form of locomotion for Melibe leonina, which re- 

quired more aerobic energy to swim than to crawl (Figure 

1). Oxygen consumption increased nearly six-fold during 

swimming when compared to the alert state, in contrast 

to a nearly two-fold increase for crawling. Past studies 

have indicated that gastropod crawling is expensive rel- 

ative to other forms of locomotion, possibly because of 

mucus production. The terrestrial slug Ariolimax colum- 

bianus expends large amounts of energy to crawl (Denny, 

1980) as do marine gastropods (Houlihan & Innes, 1982; 

Innes & Houlihan, 1985; Donovan & Carefoot, 1997). 

However, it appears that lateral bend swimming exhibited 

by some nudibranchs is just as costly. 

Net costs of transport for crawling and swimming in 

M. leonina were similar to each other, but remarkable was 

how these two modes of locomotion compared with other 

crawling gastropods and swimming invertebrates (Figure 

2). Melibe leonina crawling COT,,, (5 mL O, kg™! m“') 

fell within the range of other marine gastropods. How- 

ever, swimming COT,,., for M. leonina (6 mL O, kg"! 

m-') was greater than that of other swimming inverte- 

brates, falling above the 95% confidence interval for the 

regression equation of log COT vs. log mass for swim- 

ming invertebrates (Figure 2; data for the regression from 

Full [1997]). This indicates that swimming, generally the 

least costly mode of locomotion, is very costly for the M. 

leonina used in this study. In fact, a 10 g invertebrate 

swimmer would be expected to have a COT of 0.75 mL 

O, kg"! m™! based on Full’s (1997) regression of log 

swimming V,, on log mass. The high cost of M. leonina 

swimming is probably due to the high levels of aerobic 

energy needed to produce the relatively slow swimming 

speeds. 

It is important to mention, however, that costs of trans- 

port are generally measured by oxygen consumption rates 

and thus reflect aerobic energy expenditure only. While 

adequate for the highly aerobic M. leonina, this may not 

hold true for other marine invertebrates that readily use 

anaerobic energy sources for metabolism. Therefore, to 

attain a more complete picture of COT, particularly for 

marine invertebrates, some assessment of anaerobic con- 

tribution to COT must be made (Donovan & Carefoot, 

1997; Donovan et al., 1999). 

If anaerobic energy contribution were included for 

swimming invertebrates, the regression line of log COT 

vs. log mass determined by Full (1997) would be higher. 

We can speculate about the increase for a 10 g swimmer 

based on some comparisons with other known inverte- 

brate swimmers. For example, if the expected 0.75 mL 

O, kg"! m-! COT for a 10 g swimming invertebrate rep- 

resented 65% of the total contribution to swimming as 

seen in the highly aerobic Limaria fragilis (Baldwin & 

Morris, 1983), the observed COT would be 1.15 mL O, 

kg-'m!. If the 10 g swimmer relied heavily on anaerobic 

energy, as does the scallop Placopecten magellanicus, the 

0.75 mL O, kg"! m™! may represent only 6% of the total 

energy expended (Livingstone et al., 1981), and the ob- 

served COT would be 12.5 mL O, kg™! m™! which falls 

above the COT,,., of M. leonina. However, organisms 

comprising Full’s (1997) regression for swimming inver- 

tebrates are generally long-range swimmers (i.e., squids, 

salps, copepods), so the rise in intercept of the line would 

probably be in the range of Limaria rather than Placo- 

pecten, a short-range, quick-burst swimmer. In this case, 

even if anaerobic energy were accounted for, M. leonina 

COT represents a higher value than other swimming in- 

vertebrates. 

Although Lawrence (1997) reported that M. leonina 

has some control over swimming direction despite cur- 

rents, it is important to note that long-distance movement 

of M. leonina likely involves the passive use of currents 

(Willows, 2001) and this would drastically reduce COT. 

When M. leonina begins a swimming bout it first swims 

up then proceeds in a lateral direction (Lawrence, 1997) 

and this may be typical of lateral bend swimmers (Jing 

& Gillette, 1995). This would serve to propel them into 

the water column where they would likely catch a current. 

Mills (1994) noted that swimming M. leonina was most 

often observed in Washington during winter months when 

there had been two consecutive high tides with very little 

drop between them. In this case, it was speculated that 

flushing of shallow bays had transported M. leonina in- 

dividuals some distance as there were no known local 

populations. That M. leonina can move long distances is 

well established. Along with Mills’s (1994) observations 

noted above, Ajeska & Nybakken (1976) observed a large 

population of M. leonina (20,000 individuals) that sub- 

sequently disappeared from a kelp bed within a short pe- 

riod of time, with no apparent signs of mortality. This 

population was replaced 2 months later by another 2000 

individuals. Thompson & Crampton (1984) report that 

Melibe fimbriata of the Indian Ocean migrated to the 

Mediterranean Sea, via the Red Sea, by means of its lat- 

eral bend swimming. Migrations associated with M. leon- 

ina swimming, along with the aid of currents, may pro- 

vide for earlier patch exploitation (Agersborg, 1921; 

Hurst, 1968; Lawrence, 1997). Population dispersal and 

escaping from predation are also activities that appear to 

be augmented by M. leonina swimming. 

Ajeska & Nybakken (1976) reported that M. leonina in 

Monterey Bay, California regularly swims short distances 

between kelp stipes. In this case, currents may not be as 

much help and energy expenditure may be substantial. 

However, given that crawling COT is as expensive as 

swimming COT for M. leonina, and given that the dis- 

tance a M. leonina must crawl to travel to a comparable 
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Figure 2. Cost of transport of crawling (closed triangle) and swimming (closed circle) Melibe leonina compared to those of other 

crawling (open triangle) and swimming (open circle) invertebrates. Data points for crawling marine gastropods are from Houlihan & 

Innes (1982), Innes & Houlihan (1985), and Donovan & Carefoot (1997). The regression line for swimming invertebrates is from Full 

(1997). 

height on another stipe (several meters down one stipe, 

over to the next kelp, several meters up the next stipe), 

swimming is undoubtedly the most economic form of 

transportation in this case. This may also hold true for M. 

leonina traveling between eel grass blades in Puget 

Sound, Washington. 

It is interesting that M. leonina apparently relies on 

aerobic energy sources for locomotion, but not surprising 

given its ability to swim for extended periods. Since M. 

leonina lacks the appearance of any oxygen uptake mech- 

anism, it may rely on simple diffusion of oxygen from 

the environment to the working muscles which are close- 

ly associated with the surface epithelium (Lawrence, 

1997). Hurst (1968) reported that the body wall is well 

vascularized, with haemal sacs occurring throughout the 

muscle network. As well, blood is redistributed to the 

dorsal cerata during swimming, which may aid in oxygen 

uptake. Melibe leonina in this study was collected in a 

channel where there was high water flow exchange allow- 

ing the ready uptake of oxygen across the skin during its 

highly aerobic swimming. 

Currents notwithstanding, lateral bend swimming may 

be expensive due to energy expended in both accelerating 

and decelerating the animal’s mass and its added mass as 

it moves through water. This swimming behavior is con- 

sidered unsteady, non-directional swimming (Daniel, 

1984). Such swimming produces a thrust that results in 

higher costs of transport than steady directional swim- 

ming (Daniel, 1985). Melibe leonina can somewhat min- 

imize energy expended during swimming in a few ways. 

Lateral compression of the body and oral hood during 

swimming produces an increase in lateral surface area 

which would produce more thrust (Lawrence, 1997). As 

well, asymmetrical swimming resulting in a foot sculling 

motion may serve to propel the nudibranch through the 

water column (Daniel, 1984). These changes in mor- 

phology, along with periodic suspended motionless float- 

ing during swimming (Lawrence, 1997), may provide 

some energy savings and increase locomotion efficiency 

for M. leonina. 

There are other opisthobranchs with swimming forms 

that are more directional than that of Melibe leonina. It 

would be of interest to evaluate energy costs of these taxa 

to determine if gastropod swimming is truly a more ex- 

pensive form of locomotion than the swimming of other 

invertebrates. 
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Introduction 

Davies (1977) documented three distinct forms of what 

had previously been considered the single species Arion 

hortensis Férussac, 1819. Davies (1979) indicated that the 

three forms are A. hortensis Férussac, 1819, A. distinctus 

Mabille, 1868, and A. owenii Davies, 1979. Backeljau & 

van Beeck (1986) and Backeljau (1987) provided protein 

electrophoretic and scanning electron microscopy (SEM) 

evidence confirming that the three species are distinct. 

Although Davies (1977) and Barker (1999) have noted 

some external features that help to separate the species, 

identifications using external features seem unreliable. 

The most reliable feature for separating the species re- 

quires dissection. Within the genitalia, each species has a 

distinctly shaped and positioned verge where the epi- 

phallus opens into the atrium (Davies, 1977; Backeljau & 

van Beeck, 1986; Barker, 1999). 

European slugs in the Arion hortensis species complex 

were introduced to North America at least as long ago as 

1842 (Binney, 1842). Although numerous records of 

“Arion hortensis” in North America have been reported 

since then (e.g., Dundee, 1974), it is not clear which of 

the three species in the complex are represented by re- 

cords previous to the report of Davies (1977). Kaplan & 

Hartenstein (1977) reported A. hortensis from New York, 

but their paper had been submitted for publication in 1976 

before Davies’ paper (1977) was published, so it is un- 

likely that they were aware of the need to determine 

which member of the species complex they had found. 

Branson & Branson (1984) reported A. hortensis in 

Oregon but commented that the “‘diagnosis should be 

substantiated,’’ suggesting that it is unlikely that they dis- 

sected the slugs to verify the identification. 

Only two publications have documented which species 

in the complex occur in North America, Roth (1982) and 

Pearce & Blanchard (1992). The present paper reports 

two species of the A. hortensis species complex occurring 

in eastern North America, in the states of Delaware and 

Pennsylvania. 

Methods 

We examined slugs in the Arion hortensis species com- 

plex that were encountered during fieldwork from one 

locality in Delaware and three localities in Pennsylvania. 

We searched two museums, the Carnegie Museum of Nat- 

ural History and the Delaware Museum of Natural His- 

tory, for preserved specimens of the species complex col- 

lected before 1977 but we did not locate any specimens. 

Consequently, we were unable to verify which species of 

the complex formed the basis of pre-1977 literature re- 

cords. 

To determine which species in the Arion hortensis 

complex our specimens represented, we dissected them 

and examined the shape and position of the verge at the 

opening of the epiphallus within the atrium. The verge of 

A. distinctus is conical and covers the entire opening of 

the epiphallus, the verge of A. hortensis is a flaplike struc- 

ture that does not completely fill the epiphallus, and the 

verge of A. owenii is a leaflike structure (Davies, 1977: 

179, fig. 4; Backeljau & van Beeck, 1986:63-—65, figs. 2— 

4; Barker, 1999:175—-176, figs. 71,72). Furthermore, the 

spermatophores of the species differ, with those of A. hor- 

tensis having more strongly curved anterior and posterior 

ends and a more serrated longitudinal ridge than either of 

the other two species (Davies, 1977:178, fig. 2; Backeljau 

& van Beeck, 1986:63, fig. 2). 

Results 

We found Arion hortensis s.s. in Delaware, and both A. 

distinctus and A. hortensis s.s. in Pennsylvania. 

Arion hortensis. Delaware, New Castle Co., Brandy- 

wine Creek State Park at Thompson Bridge, 8 km north 

of Wilmington, in stream drift, UTM 451800mE 

4406600mN, 2 specimens collected by T. A. Pearce, 4 

January 1997, Delaware Museum of Natural History 

(DMNH) number 207024 [both specimens dissected, a 

partly digested spermatophore found in one]; Pennsyl- 

vania, Allegheny Co., Pittsburgh, Phipps Conservatory, 

horticultural garden, UTM 589100mE 4476800mN, 4 

specimens collected by T. A. Pearce and P. A. Robb, 25 

April 2002, Carnegie Museum of Natural History 

(CMNH) number 64921 [one specimen dissected]. 

Arion distinctus. Pennsylvania, Allegheny Co., Pitts- 

burgh, Highland Park, E side of Washington Boulevard 

along railroad tracks, UTM 592600mE 4482000mN, 13 
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specimens collected by T. A. Pearce, 3 and 15 April and 

17 May 2002, CMNH 64920 [4 specimens dissected]; 

Allegheny Co., just N of Pittsburgh, North Park, SE side 

of N arm of North Park Lake, on moist wooded NE fac- 

ing slope with red oak and some red maple, UTM 

583600mE 4495300mN, 4 specimens, collected by TA. 

Pearce, 5 April 2003, CMNH 65149 [one specimen dis- 

sected]. 

Discussion 

In the Arion hortensis complex, two of the three species, 

A. hortensis and A. distinctus, have previously been re- 

liably reported in North America from the San Francisco 

Bay Area, California in the western United States (Roth, 

1982), and one species, A. hortensis, has been reliably 

reported from Ann Arbor, Michigan in the east-central 

United States (Pearce & Blanchard, 1992). The present 

study reports these species in the eastern United States 

with A. hortensis in the state of Delaware, and both A. 

distinctus and A. hortensis in the state of Pennsylvania. 

Davies (1977) and Barker (1999) reported differences 

in external characters, particularly the banding pattern, 

that could be used in identifying Arion distinctus and A. 

hortensis. In A. hortensis, we found the right mantle band 

tended to be slightly raised above the pneumostome, al- 

though the specimens in alcohol were faded making it 

difficult to determine whether the right band was simply 

faded around the area of the pneumostome or was raised 

above its orifice. In A. distinctus, we found the pneu- 

mostome to be covered by the right band and the band 

had a small break in front of the pneumostome. Although 

these features were consistent with the external characters 

reported by Davies (1977) and Barker (1999), we did not 

feel confident using the band characteristics to separate 

species due to the close similarity between species, the 
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variation within a species, and discoloration following 

preservation in alcohol. We consider examination of the 

epiphallus in the genitalia to be the most reliable feature 

for identifying species in this complex. 
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Although modestly titled an introduction, this work is 

in fact nothing less than a monograph of this nearly 

worldwide clade of familiar, sinistrally-coiling pond 

snails, perhaps the most numerous and widespread group 

of freshwater pulmonates in North America. Haitia acuta 

(Draparnaud, 1805) may be the most common freshwater 

mollusk in the world (Dillon et al., 2002; as Physa). The 

fossil record extends back to the later Mesozoic, although 

as with other simple-shelled groups, interpretation of the 

earliest occurrences is difficult. A substantial literature 

exists on physid life history, reproductive strategies, pred- 

ator-prey interactions, and population and community dy- 

namics in freshwater ecosystems. With physids appearing 

in many environmental samples and their widespread use 

as laboratory organisms, the need for an authoritative tax- 

onomy of the group is undeniable. 

It is sometimes said that any of three things can logi- 

cally occasion a revisionary monograph: the examination 

of new material not seen or considered by previous mo- 

nographers of the group; discovery of new characters or 

the application of new or improved techniques to known 

character systems; or application of a new method of 

analysis (e.g., a parsimony algorithm) to derive a fresh 

taxonomy and/or classification of the array of organisms 

studied. The first two criteria are well met in this case. 

The author looked at extensive new material, much of it 

collected by him in temperate and tropical zones of the 

Americas, in Europe, southern Asia, and Hawaii. He 

points out that in many cases existing museum material 

was inadequate for needed dissection. His observation of 

essential morphological details depended on techniques 

of anesthetizing, fixing, and preserving. These are de- 

scribed, even though ‘‘[the] basic procedure is, like cook- 

ing, an art rather than science, and despite many years of 

experience I do not always achieve satisfactory results”’ 

(p. 7). Satisfactory results were achieved often enough to 

yield high-quality, well labeled camera lucida line draw- 

ings of anatomical structures. Shells are illustrated by 

plates of photographs. Diagnostic characters seem to be 

largely those of the terminal male reproductive system. 

The third criterion arguably is also met. A classification 

and taxonomy are based on “‘progressive characters’’— 

hypothesized character-state trees, polarized with respect 

to the out-group Lymnaeidae but also (p. 3) along scales 

of increasing complexity. A tabular classification (figure 

1) displays the placement of taxa within grades (levels of 

organization) of genital structure. The grades (I, penial 

sheath entirely muscular; II, penial sheath with both glan- 

dular and muscular tissue; III, penis with penial stylet or 

other specialization of the tip; and IV, pore of penial canal 

lateral rather than terminal) run parallel in the two pri- 

mary subdivisions of Physidae - Aplexinae, lacking a pre- 

putial gland, and Physinae, with preputial gland present 

- although grade IV is lacking among known Physinae. 

The classification is a matrix into which any newly dis- 

coverd genus can be inserted (p. 4), without requiring 

implications of monophyly or homology. Unusually for a 

systematic monograph, the fundamentally distinct activi- 

ties of classification and taxonomy (de Queiroz, 1988; 

O’Hara, 1993) are kept separate. 

Criteria for taxonomic ranks are stated on pp. 4-5: 

clades are said to be “‘defined easily” in Physinae and 

are formalized as tribes. Each group within a given clade 

and grade is a genus; no genus includes members of more 

than one grade. The category subgenus is not used, avoid- 

ing the old, essentially sterile arguments over rank at this 

level. The resulting number of genera, 23, is greater than 

in previous taxonomies. The taxa that contain the inferred 

primative character-states are viewed as “‘primitive gen- 

era.”’ In a more narratively neutral representation of evo- 

lutionary history, taxa would not be referred to as prim- 

itive or advanced (de Queiroz, 1988; O’Hara, 1992), and 

those terms would be reserved for character-states, taxa 

generally being mosaics of apomorphies and plesiomor- 

phies. The distribution of purportedly primitive groups 

along the Pacific coast of the Americas leads Taylor to 

conclude that differentiation of Physidae, ‘‘along with 

some related families, ...along an ancient eastern Pacific 

coast is probable” (p. 18). However, since “‘[d]Jating of 

this origin is necessarily speculative, but some time in the 

first half of the Paleozoic seems plausible” (p. 18), the 

spatial relation of the origin to present coastlines must 

necessarily be rather loose. This historical model implies 

a very long period of relative evolutionary stasis (at least 

with respect to the diagnostic genital characters) for those 

taxa Taylor regards as primitive. A full model would also 

include more recent (and perhaps evolutionarily transi- 

tory?) phenomena such as the recent origins inferred for 

thermal spring endemic taxa Physella johnsoni and Phy- 

sella wrighti (regarded by Taylor as synonyms of the 

widespread Physella gyrina) on the basis of molecular 

data (Remigio et al., 2000). 
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A phylogeny is inferred almost entirely on the basis of 

12 binary penial complex characters (not “‘character- 

states’”” as reported, because each one consists of two al- 

ternative states, one designated primitive [0], the other, 

specialized [1]; pp. 4, 16, table 2). Only six of the 12 

characters provide any information for grouping; the oth- 

ers are autapomorphic for only one of the 23 genera an- 

alyzed. The inferred phylogeny (presented as a fully di- 

chotomous branching diagram in figure 4) is not tested 

against criteria of parsimony. I found that cladistic anal- 

ysis of the data of table 2 by PAUP* (Swofford, 2002)! 

genrated 90 minimum-length trees 17 steps long. 

In conclusion, “Introduction to Physidae”’ represents a 

masterful job of data compliation. It sets a new standard 

of morphological observation in this important group of 

gastropods. The data remain fruit for a less selectively 

weighted analysis of phylogeny and hence of biogeo- 

' Heuristic search algorithm; all characters unweighted; 23 taxa 

plus hypothetical ancestor with all characters in inferred primi- 

tive state. 
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graphic history. Possibly the results of those analyses 

would suggest a revised taxonomy as well. 

B. Roth 
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Abstract. Dacryomica, gen. nov., a monotypic genus of prochaetodermatid Aplacophora, is markedly different in 

sclerite morphology from the other five genera in Prochaetodermatidae. Description of the type species, D. plana, sp. 

nov. is based on a single individual collected at 1300 m from Kammu Seamount in the northwest Pacific. The great 

difference in sclerite morphology and the likelihood of endemism on the seamount are reasons for erecting a monotypic 

genus based on a single individual from this poorly sampled part of the deep-sea benthos. 

INTRODUCTION 

A single specimen of a morphologically unique prochae- 

todermatid aplacophoran was collected during the deep- 

sea explorations by Soviet research vessels in the Indian 

and Pacific Ocean between 1959 and 1976 (e.g., Ivanov 

& Scheltema, 2002). The geographic coverage of the Pa- 

cific soft-bottom benthos by the Soviets using dredges 

and grabs remains unmatched, and exploratory collecting 

of the deep, soft-bottom benthos throughout the Pacific is 

now at a standstill, except for the efforts of the Paris 

Museum in French Polynesia at depths of less than 2000 

m. Thus, this single specimen of Dacryomica plana en- 

larges the knowledge of the biogeographic distribution of 

Prochaetodermatidae. It is described here from body 

shape and the morphology of the sclerites. 

METHODS 

Standard methods for describing sclerite morphology 

were used (see Scheltema, 1985; Scheltema & Ivanov, 

2000, in press). Frontal view is of the side facing away 

from the body; abfrontal, toward the body. 

SYSTEMATICS 

Family PROCHAETODERMATIDAE 

Salvini-Plawen, 1972 

Diagnosis: Mollusca belonging to the burrowing apla- 

cophoran taxon with cuticle entire (Caudofoveata or 

Chaetodermomorpha), most < 5 mm in length, with a 

divided oral shield, a usually narrow tail-like posterium, 

a pair of large cuticular jaws, and a small radula with 

several rows of two mirror-image teeth and a central 

plate. 

Geographic distribution: Species of Prochaetodermati- 

dae are common in the deep-sea benthos of the world 

oceans from the continental shelf to hadal depths in 

trenches, except they apparently do not occur in polar 

regions. Particular species are a numerically dominant 

part of the macrofauna at some localities (Scheltema, 

1997). 

Dacryomica \vanov & Scheltema, gen. nov. 

Type species: Dacryomica plana, sp. nov. 

Diagnosis: Tear-drop shaped; sclerites without keel, base 

closely adpressed, with plane of base rotated around longi- 

tudinal axis relative to the blade (Figure 3C), axis of base 

straight to slightly curved; waist distinct, edges of base 

straight to convex, edges of blade straight. Isochromes 

asymmetrical, many sclerites with troughlike medial de- 

pression on abfrontal side (Figures 1B sclerite 10, 3A). 

Number of oral shield sclerite rows undetermined. 

Etymology: dacro-, from Gr. dacryon, tear, drop; -mica, 

L. fem., bit; a small, teardrop-shaped thing. 

Dacryomica plana \vanov & Scheltema, sp. nov. 

(Figures 1—3) 

Holotype: Zoological Museum Moscow State University 

no. Lel—112. 

Type locality: Slope of Kammu Seamount, Milwaukee 

Group, Empire Seamounts, 32°09’N, 172°56’E, 1300 m, 

VITYAZ stn 6260, 21 May 1970. 
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Figure 1. A. Holotype of Dacryomica plana Ivanov & Scheltema, gen. et sp. nov. photographed with transmitted light, lateral above, 

ventral below; division between trunk and shank mainly visible in ventral view (arrows). B1—10. Sclerites of Dacryomica plana Ivanov 

& Scheltema, gen. et sp. nov. photographed under cross-polarized light (see Figure 2 for body regions): 1, 2 from region C; 3, 4 from 

region D; 5, 6 from region E; 7, 8 from region F; 9, 10 from region G. Note depressed areas (arrows) and asymmetrical isochromes of 

several sclerites. Only SEMs show that the depressions are abfrontal (Figure 3A) and that the transverse curvature of the base is S- 

shaped (Figure 3B). Sclerites 7 and 8 broken, pieced together on computer from their two parts. The right side of sclerite 10 is covered 

by part of an overlying sclerite. 

Material examined: Holotype. 

Geographic range: Known only from type locality. 

Diagnosis: Small, broad anterior end tapering evenly to 

narrow posterior end; sclerites large relative to body size; 

both base and blade of trunk sclerites broad, basal end 

rounded, distal end bluntly pointed. 

Appearance (Figures 1A, 2A, B): Translucent except an- 

teriorly, tapering evenly from broad anterior end to nar- 

row knob, shank extremely short and indistinguishable 

from trunk except in ventral view or by internal anatomy 

in transmitted light; sclerites long except anteriorly and 

ventrally, shank sclerites overlapping knob, fringing 

sclerites extending well beyond knob; oral shield partly 

withdrawn, oral shield sclerites not seen. 

Body measurements: Length 2.8 mm, greatest height 0.8 

mm, knob height 0.3 mm; oral shield ~ 0.1 mm high. 

Sclerites (Figures 1B, 2C-H, 3; dimensions given as 

length xX greatest width x thickness unless otherwise 

noted): Finely ridged (Figure 3D); asymmetrical in cross- 

section (Figure 3B). Abfrontal depressions distal on an- 

terior sclerites from body regions D-F (Figure 3A); from 

region G farther posteriorly, depressions on sclerite base 

(Figure 1B sclerite 10). Sclerites thickest on base except 

thickest on blade from posterior region H (Figure 2H). 

From region C, anterium and anteriormost trunk (Figure 

1B 1, 2; Figure 2C), smallest sclerites rounded with point, 

30 X 15 X 1 pm, or pointed elongate (not figured), 60 

<x 18 X 3 pm; larger sclerites oval, 115 * 50 X 7 wm, 

or broadly triangular with rounded base, 155 x 60 X 8 

um, the latter merging in region D (Figure 1B 3, 4; Figure 

2D) to sclerites up to 200 pm long, 8 pm thick, with 

distinct base and blade, some with long, broad base 100 

x 55 wm and short blade 75 X 30 pm, others with nar- 

rower, shorter base, 65 X 45 wm, and longer blade, 135 



D. L. Ivanov & A. H. Scheltema, 2004 Page 3 

G H 
Figure 2. Dacryomica plana Ivanov & Scheltema, gen. et sp. nov., holotype. A. Entire, anterior to left. B. Partially withdrawn oral 

shield. C—H. Sclerites from body regions indicated in A. See text for descriptions. 
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Figure 3. Trunk sclerites of Dacryomica plana Ivanov & Scheltema, gen. et sp. nov., SEM. A. Uppermost sclerite in abfrontal view 

showing troughlike depression and slight distal ridge (arrow). Lower sclerite in frontal view showing raised medial area and slight distal 

groove (arrow), the latter not seen in transmitted light. B. Broken sclerite in abfrontal view, arrow indicating thin medial area of 

troughlike depression. The transverse S-shaped curve variously thickened accounts for the asymmetry seen under polarized light. C. 

Sclerites in frontal view, plane of blade somewhat rotated relative to base around long axis. D. Enlargement of lower sclerite in C 

showing sculpturing of fine ridges; the downward bent lateral edge on right can be compared with the upper (left) edge of B in abfrontal 

view. 

x 35 wm. From region E, ventral to ventrolateral (Figure 

1B 5, 6; Figure 2E), somewhat curved, ovate, from 135 

x 35 X 7 pm to 200 X 55 X 8 pm, merging dorsally 

into region FE anterior trunk sclerites (Figures 1B 7, 8; 

Figure 2F), with base and blade distinct, total length to 

250 jm, base 150 X 10 wm, blade 100 < 30 wm, thick- 

ness 9-10 pm. From region G, posterior trunk (Figures 

1B 9, 10; Figure 2G), length to 350 pm long, 9-10 wm 

thick, base length and width 200 * 75-100 pm, blade to 

150 X 35-50 pm, edges of base convex to straight. From 

region H, shank (Figure 2H), sclerites ranging from 400 

to 650 ym with greatest thickness > 10 wm; base width 

broad with convex edges, 100 ym, or narrow with straight 

edges, 50 pm. 

Radula: Unknown; presence of jaws distinguishable with 

transmitted light. 

Remarks: The sclerites of D. plana are unique among 

Prochaetodermatidae. They have a broad base and-blade, 

asymmetrical thickening shown by isochromes and SEM 

image of cross-section, base rotated around the longitu- 

dinal axis relative to the blade (Figure 3C), and medial, 

abfrontal, troughlike depressions. Rotation of the large 

bases about the longitudinal axis enables sclerites to re- 

main closely adpressed despite their large size relative to 

body size. Unfortunately, other diagnostic characters are 

unknown: oral shield sclerites, radula and jaws, and pop- 

ulation variability in body and sclerite morphology. 

In addition to the uniqueness of the sclerite morphol- 

ogy of this species is its presumably isolated location at 

1300 m from the slope of Kammu Seamount. High en- 

demism is not unusual for benthic species at the summits 

of seamounts (e.g., Scheltema, 2001; see also Seamounts 

web page, http://seamounts.sdsc.edu), and we are assum- 

ing that slope species well above the abyssal floor lying 

at ~ 4000 m at the base of seamounts are isolated from 

the deep benthos and thus may be endemic. 
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Abstract. Piscoacritia collapsa gen. nov., sp. nov., a late Miocene to Pliocene gastropod from forearc marine deposits 

of southern Peru, constitutes the first known Cenozoic occurrence of the tribe Trochini (Trochidae: Trochinae) from 

western South America. Its deeply sulcate spiral sculpture distinguishes it from all species of Trochus, while its umbilical 

and columellar structure distinguishes it from all species of Tectus. Populations of P. collapsa lived on rocks and gravel 

close to the low-tide line in partly sheltered embayments along a desert coast. 

INTRODUCTION 

Most species of the gastropod family Trochidae Rafin- 

esque, 1815, from the temperate Peruvian Province be- 

long to the subfamily Tegulinae Kuroda, Habe & Oyama, 

1971. Only a single example of the subfamily Trochinae 

Rafinesque, 1815, presently occurs along the coast of 

Peru and Chile, Diloma nigerrima (Gmelin, 1791), a 

wide-ranging species of the tribe Gibbulini Stoliczka, 

1868. The tribe Trochini Rafinesque, 1815, is absent from 

western South America and, according to Hickman & 

McLean (1990), it has been absent from the entire eastern 

Pacific Ocean throughout the Cenozoic. At present, gen- 

era of Trochini (e.g., Trochus Linnaeus, 1758; Tectus 

Montfort, 1810; and Clanculus Montfort, 1810) are re- 

stricted to the Indo-Pacific region. 

This paper reports the first known Cenozoic occurrence 

of a species of Trochini from western South America, 

Piscoacritia collapsa gen. nov., sp. nov., a deeply sulcate 

spirally sculptured trochid from southern Peru. Ten most- 

ly complete specimens and numerous fragments have 

been found in upper Miocene to lower Pliocene bioclastic 

conglomerates from several localities within the Pisco 

Basin and 100 km farther south near Sacaco. 

GEOLOGY 

The Pisco Basin (Figure 1) is an emergent forearc basin 

with widespread exposures of Eocene through Pleisto- 

cene marine sedimentary strata (DeVries, 1998). The 

youngest depositional sequence preserved in the basin, 

largely encompassed by the middle Miocene to Pliocene 

Pisco Formation, consists of bioclastic sandstone and 

conglomerate from nearshore paleoenvironments and 

tuffaceous and diatomaceous fine-grained sandstone 

from offshore paleoenvironments. Bioclastic deposits 

are frequently exposed lapping onto outcrops of igneous 

basement rock within the basin and in an outlying small- 

er basin near Sacaco (Figure 1). A complex paleoge- 

ography of steep shorelines and broad embayments can 

be reconstructed from the distribution of such outcrops 

near Nazca (DeVries, 1988) and Sacaco (Muizon & 

DeVries, 1985). 

MATERIAL 

Trochid specimens were found within the Pisco Basin in 

the valley of the Rio Ica and on the flanks of Cerro Huar- 

icangana, west of Nazca (Figure 2) and farther south 

along Quebrada E] Jahuay and near Sacaco (Figure 3). 

All specimens were collected by T. DeVries unless attri- 

buted to J. Macharé (formerly of the Instituto Geofisico 

del Pert). Locality-sample numbers are listed in the ap- 

pendix. Specimens have been deposited at the Burke Mu- 

seum of Natural History and Culture, University of Wash- 

ington, Seattle, Washington, USA, and the Laboratorio de 

Vertebrados, Museo de Historia Natural, Universidad Na- 

cional de San Marcos, Lima, Peru. 

Measurements of length (L) and width (W) are report- 

ed in millimeters. Dimensions of broken specimens are 

reported in parentheses. Ages are based on *°K-*°Ar and 

40Ar-°Ar radiometric dates and microfossils as reported 

elsewhere (DeVries, 1998). Abbreviations for museums 

include: UWBM, Burke Museum of Natural History and 

Culture, University of Washington; MUSM INV, Labor- 

atorio de Vertebrados, Museo de Historia Natural, Univ- 

ersidad Nacional de San Marcos. 
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Figure 1. The Pisco Basin, an emergent forearc basin in south- 

ern Peru. Localities with specimens of Piscoacritia collapsa 

DeVries & Hess, sp. nov. are found near Ica, Nazca, and Sacaco. 

SYSTEMATIC PALEONTOLOGY 

Superfamily TROCHACEA Rafinesque, 1815 

Family TROCHIDAE Rafinesque, 1815 

Subfamily TROCHINAE Rafinesque, 1815 

Tribe TROCHINI Rafinesque, 1815 
Genus Piscoacritia DeVries & Hess, gen. nov. 

Type species: Piscoacritia collapsa, sp. nov. 

Diagnosis: Sutures appressed to impressed; axial sculp- 

ture absent; spiral sculpture of deep sulcus at or posterior 

to mid-whorl; base weakly excavated; umbilical area with 

shallow chute; columella angled; columellar plication 

present, columella disjunct at paries; three umbilical 

cords present, two ending abapically in weakly bulbous 

tooth. 

Description: As for type species (see below). 

Discussion: The presence of toothed umbilical cords on 

specimens of Piscoacritia invites comparison with spe- 

cies of the tribe Tegulinae, which are numerous along the 

western shores of North and South America. Species of 

Tegulinae from Peru, including modern species and un- 

described Pliocene and Miocene species of Tegula (Chlo- 

rostoma) Swainson, 1840, and 7. (Agathistoma) Olsson 

& Harbison, 1953, differ from Piscoacritia by having a 

true umbilicus (if not plugged) and a parietal callus that 

smoothly joins a weakly keeled, broadly coiled columella 

with the base of the penultimate whorl, thereby separating 

the aperture from the umbilicus. 

Specimens of Piscoacritia also were compared with the 

Californian Tegula (Stearnsium) regina Stearns, 1892, a 

large conical trochid with a concave base. The Califor- 

Sample- 

locality 

eS firs pt eye 

Cerro Huaricangana 

Figure 2. Locality-samples with Piscoacritia collapsa DeVries 

& Hess, sp. nov., west of Nazca, within the southern confines of 

the Pisco Basin. 

nian species has a small parietal callus that reveals more 

of the keeled columella than seen in other species of Te- 

gula. Nonetheless, the parietal area is not disjunct from 

the base of the penultimate whorl, as it is in Piscoacritia 

and trochinine species. Specimens of 7. regina and other 

species of Tegula also lack regularly spaced spiral 

grooves on the base that are present on Piscoacritia and 

many trochinine species. 

A comparison of Piscoacritia with other genera of Tro- 

chini, particularly Trochus and Tectus, is complicated by 

a history of inconsistent descriptions of the trochid um- 

bilicus that has led to contradictory subgeneric and ge- 

neric assignments of species (Cossmann, 1918; Wenz, 

1938). To clarify comparisons, a summary of columellar 

and umbilical features of selected genera and subgenera 

of Trochini is presented in Table 1. 

Trochus (Trochus) has an umbilical pit inside of which 

is attached a twisted columella. Other subgenera and gen- 

era of Trochini with umbilical pits include Clanculus, In- 

fundibulum Montfort, 1810, and Infundibulops Pilsbry, 

1889. Cardinalia Gray, 1847, has a plugged pit. Rochia 

Gray, 1857, has a tunneling umbilical chute that separates 

the columella from the base of the penultimate whorl. 

Both Cardinalia and Rochia have been designated sub- 

genera of Tectus by Thiele (1931), Wenz (1938), Keen & 

Cox in Knight et al. (1960), and Herbert (1993). Tectus, 

however, has neither an umbilical pit nor chute. It does 

have a free-standing plication near the base of a short 

columella. The plication and lack of umbilical recess are 

diagnostic of Tectus in the sense of Cossmann (1918), 

Wenz (1938), and Sohl (1998). Thus, in accord with 

Cossmann (1918), Rochia and Cardinalia, taxa with an 

umbilical recess and without a free-standing columellar 

plication, are herein considered subgenera of Trochus. 

This classification is supported in part by genetic data 

(Borsa & Benzie, 1993). 
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Figure 3. The type locality (DV 901) with sampling number (DV 901-1) for Piscoacritia collapsa DeVries & Hess, sp. nov., located 

10 km north of Alto Grande off the Panamerican Highway in southern Peru. Other Piscoacritia-bearing locality-samples near Sacaco 

are shown. 

Piscoacritia is similar to Trochus (Rochia) in having 

an umbilical chute that separates the columella from the 

base of the penultimate whorl, although the chute of the 

latter is narrower and deeper. Piscoacritia, however, has 

neither the axial swellings nor the spirally arranged beads 

that characterize to varying degrees Trochus (Rochia), 

other taxa with umbilical recesses (Clanculus, Infundi- 

bulops, Infundibulum, Cardinalia), and Recent species of 

Tectus. The exclusively spiral sculpture of Piscoacritia 

does resemble that of some Cretaceous Caribbean species 

of Tectus (Sohl, 1998) and a middle Miocene species of 

Tectus from Japan (Kobayashi & Horikoshi, 1958). 

The columella of Piscoacritia is in one regard similar 

to that of Trochus (Trochus). In Trochus (T.) maculatus 

Linnaeus, 1758, six spiral cords define a steeply inclined 

umbilical funnel (i.e., a steeply angulate columella). The 

innermost umbilical cord twists adapically and attaches 

inside a deep umbilical pit. Each umbilical cord termi- 
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Table 1 

Comparison of umbilical and columellar characters in selected genera and subgenera of Trochini. Examples of each 

taxon except Trochus Unfundibulum) were examined by the author. 

Free-standing 

Umbilical columellar Umbilical cords Reference with 

Taxon recess plication (toothed cords) figured specimen 

Tectus No Yes No Sohl, 1998 

Piscoacritia gen. nov. Shallow Chute Yes 3 (2) This paper 

Trochus (Rochia) Chute Nearly So 1-2 (1-2) Abbott & Dance, 

1982 

Trochus (Trochus) Pit No 3-7 (2-6) Herbert, 1993 

Trochus (Cardinalia) Plugged Pit No 2 (1) Herbert, 1993 

Trochus (UInfundibulops) Pit No 1 (1) Herbert, 1993 

Trochus Unfundibulum) Pit No 1 (1) Marshall, 2000 

Clanculus Deep Pit No No Herbert, 1993 

nates abapically in a swollen tooth except for the outer- 

most cord, which defines the margin of the umbilicus. A 

similar arrangement is seen in 7. (7.) nigropunctatus 

Reeve, 1861, which has three to four umbilical cords. In 

Piscoacritia, two closely spaced toothed umbilical cords 

are present, bounded by an untoothed cord on the umbil- 

ical margin. The umbilical funnel is weakly inclined (.e., 

the columella is weakly angulate) and the innermost um- 

bilical cord is not attached adapically, but separated from 

the base of the penultimate whorl by the umbilical chute. 

Piscoacritia shares two features with Trochus (Infun- 

dibulum) and T. (Cardinalia): an excavated base and 

highly oblique aperture. Marshall (2000) suggested that 

these characters may be adaptations for surviving expo- 

sure to strong wave action. 

Etymology: “Pisco,” a forearc basin in southern Peru 

between Pisco and Nazca where the new genus is found; 

“acer, acris,”’ with the noun suffix “‘itia,’’ Latin for sharp- 

ness, referring to the refractory umbilical lance. 

Piscoacritia collapsa DeVries & Hess, sp. nov. 

(Figures 4—19) 

Description: Shell up to 40 mm wide, conical, broad, 

spire angle about 65 degrees. Protoconch unknown; te- 

leoconch with up to seven whorls. Axial sculpture absent; 

thin growth lines strongly prosocline. Spiral sculpture of 

two moderately to strongly inflated very large convex 

cords, separated at or posterior to midwhorl by deep can- 

aliculate sulcus that undercuts upper cord; also with sev- 

eral thin incised spiral grooves distributed on two cords 

in proportion to relative size of cords. Inner edge of outer 

lip smooth; shell thickest at periphery of two spiral cords 

and very thin across medial sulcus. Periphery rounded; 

base excavated, rarely with several spiral grooves on ab- 

axial two-fifths of base. Aperture highly oblique. Umbil- 

ical area bordered by raised spiral cord. Columella weak- 

ly angulate; with two umbilical cords, each terminating 

in a weakly bulbous tooth. Columellar plication formed 

from shelly veneer covering portion of innermost umbil- 

ical cord; plication separated from base of penultimate 

whorl by shallow, expansive umbilical chute. No parietal 

callus. 

Discussion: The most distinctive character of Piscoacri- 

tia collapsa is its deep spiral sulcus (Figure 17). Because 

the shell is so much thinner at the sulcus, whorls tend to 

fracture along the sulcus and collapse down upon them- 

selves. The result is a disintegration of the shell during 

deposition or subsequent compaction, often leaving only 

a dense umbilical lance (Figure 19). 

Variation in Piscoacritia is largely confined to the po- 

sition and strength of the spiral sulcus. In some specimens 

(e.g., UWBM 97367, Figures 7-9), the sulcus is located 

medially on each whorl. In other specimens (e.g., UWBM 

97368, MUSM INV 020, Figures 4—6, 10—12), the sulcus 

is closer to the posterior suture, producing an anterior 

cord three to four times larger than the posterior cord. 

Other intraspecific variation involves the development of 

spiral grooves. The grooves are not always present on the 

spire and are usually absent from the periphery and base. 

Type locality: Locality DV 901, Quebrada Jahuay, about 

100 meters upstream from the crossing of a service road 

going from the Panamerican Highway to a water well at 

Jahuay (Figure 3). The type specimen was collected from 

pebbly sandstone along a dry stream channel lined with 

a cement retaining wall (locality-sample DV 901-1). Oth- 

er mollusks from the same strata—Concholepas kieneri 

Hupé, 1854; specimens morphologically intermediate be- 

tween Herminespina philippi (Moricke, 1896) and Her- 

minespina saskiae DeVries & Vermeij, 1997; and others 

intermediate between late Miocene and early Pliocene un- 

described species of Acanthina (Fischer von Waldheim, 

1807)—suggest a late Miocene age for the Quebrada Ja- 

huay site, as do early late Miocene mollusks and radio- 

metrically dated ash beds 10 kilometers south at Alto 
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Grande that appear to be lower in the section (Muizon & 

DeVries, 1985). 

Etymology: ‘‘collapsa,’’ Latin adjective for fallen down, 

referring to the tendency of the upper spiral cord in each 

whorl to collapse abapically through the attenuated wall 

of the spiral sulcus. 

Material: UWBM 97367, holotype, DV 901-1, L 22.6 

W 25.7; UWBM 97368, paratype, DV 582-1, L 27.1 W 

32.3 (specimen deformed; widest diameter); UWBM 

97369, paratype, DV 362-8, L 30.1; UWBM 97370, para- 

type, DV 362-3, L 35.4 W 39.0; UWBM 97371, paratype, 

JM 411, L 27.0 W (31.8); MUSM INV 020, paratype, 

DV 582-1, L 31.8 W 37.5; MUSM INV 021, paratype, 

JM 411, L (22.2) W 29.6; MUSM INV 022, paratype, 

DV 362-8, W 11.7. 

Occurrence: Late Miocene (about 10 Ma) to early Pli- 

ocene (about 3.5 Ma), southern Peru. 

DISCUSSION 

Specimens of Piscoacritia collapsa usually are found in 

beds of bioclastic conglomerate that lap onto outcrops of 

igneous basement rock. The poorly sorted, coarsely bed- 

ded, barnacle-rich beds probably accumulated intertidally 

or subtidally in shallow water. The paleogeography of 

Piscoacritia localities (Quebrada El Jahuay, Sud-Sacaco, 

Cerro Huaricangana, and Quebrada Riachuelo) shows that 

Piscoacritia populations were protected behind islands 

and peninsulas from the full force of Pacific surf (Muizon 

& DeVries, 1985, DeVries, 1988), which may explain the 

taxon’s persistence despite having a structurally fragile 

shell. 

Sea surface temperatures (SSTs) appear to have been 

warmer along the coast of southern Peru during the late 

Miocene and early Pliocene, when Piscoacritia was pre- 

sent, based on the presence of taxa such as Dosinia pon- 

derosa (Gray, 1838) and Ficus allemanae DeVries, 1997 

(DeVries, 2001). SSTs were probably cooler than they 

were during the early Miocene when such genera as Cy- 

praea, Murex, Conus, and Terebra inhabited the southern 

Peruvian coast (DeVries, 2002). 

The biogeographic history of Piscoacritia prior to its 

appearance in Peru is unknown. The genus has not been 

identified in Neogene deposits of Chile (Philippi, 1887; 

Herm, 1969; S. Nielsen, personal communication, 2002) 

nor has it been encountered by DeVries in collections of 

the Museo Nacional de Historia Natural and Universidad 

de Chile in Santiago, including the collection of J. Tavera. 

No member of the tribe Trochini has been described from 

Oligocene or Miocene beds of northern Peru (Olsson, 

1931, 1932), Ecuador (Marks, 1951), or Panama (Wood- 

ring, 1957). It seems likely that Piscoacritia would have 

been introduced from the Indo-Pacific region, as has been 

the case for several modern mollusks (Emerson, 1978), 

although the short life span of planktotrophic trochid lar- 

vae (Herbert, 1993) poses difficulties for the trans-Pacific 

scenario. Piscoacritia successfully colonized protected 

rocky shorelines of southern Peru for several million 

years, only to disappear during the late Pliocene extinc- 

tions that eliminated 80 percent of marine molluscan spe- 

cies in the Peruvian Province between 3 Ma and 2 Ma 

(DeVries, 2001). 

The late Miocene appearance of Piscoacritia in Peru 

is not temporally close to the early to middle Miocene 

origination of the Trochus clade implied by the occur- 

rence of a beaded species of Trochus in middle Miocene 

beds in Japan (Nomura, 1940). The suite of characters 

shared in part by Piscoacritia and Trochus (Trochus) 

(toothed umbilical cords), Trochus (Rochia) (an umbilical 

chute), Trochus Unfundibulum) (a concave base and high- 

ly oblique aperture), and Tectus (unbeaded spiral sculp- 

ture) makes identifying a most likely sister group prob- 

lematic pending the discovery of new Miocene species of 

the tribe Trochini in the Indo-Pacific region. 
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Figures 4-19. Piscoacritia collapsa DeVries & Hess, sp. nov. Labeled features include ““L” (sulcus) and “T”’ 

(suture). Figures 4-6. MUSM INV 020, paratype, locality-sample DV 582-1. Width is 37.5 mm. Figure 4. Basal 

view. Figure 5. Lateral view. Figure 6. Apical view. Figures 7-9. UWBM 97367, holotype, locality-sample DV 

901-1. Width is 25.7 mm. Figure 7. Basal view. Figure 8. Oblique basal view showing columellar plication and 

umbilical chute. Figure 9. Lateral view. Figure 10-12. UWBM 97368, paratype, locality-sample DV 582-1. Width 

is 32.3 mm (widest diameter). Figure 10. Basal view. Figure 11. Apertural/lateral view. Figure 12. Apical view 

showing whorls fractured along spiral sulcus. Figures 13, 15, 17. UWBM 97371, paratype, locality JM 411. Width 

is 29.6 mm. Figure 13. Basal view showing continuity of umbilical cords and outer shell layer that includes 

columellar plication. Figure 15. Apical view showing whorls fractured along spiral sulcus. Figure 17. Cross section 

of spiral sulcus showing attenuated shell thickness. Magnification about <3. Figure 14. UWBM 97370, paratype, 

locality-sample DV 362-3, lateral view. Width is 39.0 mm. Figure 16. MUSM INV 022, paratype, locality-sample 

DV 362-8, basal view of umbilical lance. Maximum width is 11.7 mm. Figure 18. MUSM INV 021, paratype, 

locality JM 411, apertural view. Width is 29.6 mm. Figure 19. UWBM 97369, paratype, locality-sample DV 362- 

8, longitudinal view of umbilical lance. Length is 30.1 mm. 
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APPENDIX 

List of Locality-Samples 

DV 362-3 North end of Sud Sacaco, on east face of 

depression near the Panamerican Highway. 

Indurated shell and barnacle beds lapping 

against northwest side of granite paleo-sea 

stacks. 15°34'25"S, 74°43'00"W (Yauca 1: 

100,000 quadrangle). 

DV 362-8 North end of Sud Sacaco, on east face of 

depression near the Panamerican Highway. 

Beds of bivalves Chlamys and Choromyti- 

lus lapping against southeast side of granite 

paleo-sea stacks. 

DV 582-1 Along an abandoned road above the eastern 

wall of Quebrada Huaricangana, south of a 

series of gulches; indurated bioclastic grav- 

els with oysters. 14°58'23”S, 75°18'34”"W 

(Palpa 1:100,000 quadrangle). 

DV 901-1 Quebrada Jahuay, 10 kilometers north of 

the abandoned crossing of the San Juan de 

Marcona road with the Panamerican High- 

way at Alto Grande, and about 100 meters 

upstream from the crossing of a service 

road going from the Panamerican Highway 

to a water well at Jahuay. 15°21'20’S, 

74°53'06"W (Acari 1:100,000 quadrangle). 

JM 411 Pampa Salinas, about 7 kilometers north- 

west of Cerro Huaricangana, 14°56'00"S, 

75°19'30"W (Palpa 1:100,000 quadrangle). 

Collected by J. Macharé. 
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Abstract. Limopsis satoi, sp. nov. and L. hokkaidoensis, sp. nov. are described from Plio-Pleistocene formations in 

northern Japan. They are members of the Omma-Manganji fauna mainly distributed in the Japan Sea side of Honshu 

and in southwestern Hokkaido. Limopsis oliveri, sp. nov. is an endemic species living off Iturup Island near Hokkaido, 

and is most similar to the unique extinct species, L. adamsiana Yokoyama, 1920. In the Plio-Pleistocene, the diversity 

of limopsids extensively increased especially in and around the Japanese Islands, probably due to the speciation by the 

biogeographical isolation. It has been maintained today by the recruitment of some species including L. oliveri, sp. nov. 

which might have arisen very recently. 

INTRODUCTION 

The genus Limopsis Sassi, 1827, comprises bivalves 

mainly living in the lower sublittoral to the upper bathyal 

zones. Habe (1977) classified the Recent Limopsis of Ja- 

pan into the following six genera: Limopsis Sassi, 1827; 

Empleconia Dall, 1908; Crenulilimopsis Kuroda & Habe 

in Kuroda et al., 1971; Oblimopa Iredale, 1939; Nippon- 

olimopsis Habe, 1951; and Cyrenolimopsis Habe, 1953. 

However, when he studied the functional morphology and 

evolution of Limopsidae, Oliver (1981) did not subdivide 

the genera of Limopsidae, but did recognize 13 morpho- 

logical classes. He also treated Nipponolimopsis as a ge- 

nus of Philobryidae because of the presence of a prod- 

issoconch cap. Thus, in this paper we also treat all lim- 

opsid species other than Nipponolimopsis as Limopsis, 

based on Oliver (1981). 

In recent decades, the senior author has studied the 

taxodont bivalves of the Plio-Pleistocene Omma-Mangan- 

ji fauna (Otuka, 1939) in the Japan Sea side of Honshu 

and southwestern Hokkaido (Amano & Narita, 1992; 

Amano, 1996). The junior author has studied the Recent 

boreal bivalves of Far East Russia (Lutaenko, 1999, 

2002). We have found two new species of Limopsis in 

the Plio-Pleistocene Omma-Manganji fauna and one new 

species from the off-shore waters of Iturup Island near 

Hokkaido. In this paper, we describe these new species 

and summarize the history of Cenozoic limopsids in the 

northwestern Pacific. 

MATERIALS AND METHODS 

Fossil specimens of new species were collected from the 

following localities (Figure 1): 

Loc. 1. 400 m upstream of Tonogedo-zawa, Futatsui 

Town (40°15’48’"N, 140°11'50”E), Akita Prefecture, 

northernmost Honshu. 

Loc. 2. 50 m upstream of small stream at Okawa, Yak- 

umo Town (42°20'18’N, 140°17'00”E), Hokkaido. 

These fossil specimens are housed at the Joetsu Univer- 

sity of Education (JUE). In addition, we examined fossils 

stored at Tohoku University (IGPS) and the Museum of 

the University of Tokyo (UMUT). 

Some Recent empty shells of a new species were ob- 

tained from the following localities. 

Loc. 3. Dobroe Nachalo Bay (44°42'8"N, 147°3'8"E), 

Okhotsk Sea side of Iturup Island: gravel at the depth 

of 218 m. 

Loc. 4. Dobroe Nachalo Bay (44°43'15”N, 147°7'8"E), 

Okhotsk Sea side of Iturup Island: gravel at the depth 

of 54 m. 

The type material of Recent specimens is housed at the 

Zoological Museum, Far East State University (ZMFU). 

We also examined the Recent specimens at the National 

Science Museum (NSM) and compared the type speci- 

mens with the fossil species Limopsis adamsiana Yokoy- 

ama, 1920, stored at the Museum of University of Tokyo 

(UMUT) and with the Recent species L. brazieri, Angas, 

1871, housed at the British Museum of Natural History 

(BMNH). 

According to the classification of morphological clas- 

ses by Oliver (1981), we paid special attention to resilifer 

shape, presence or absence of marginal crenulations, sur- 

face sculpture, and presence of cleft. In addition, on the 

Recent specimens, we carefully examined the type of per- 

iostracum as well as ligament type. 
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Figure 1. Localities of new species of Limopsis. Closed circles 

with numbers are the localities and the locality numbers. 

SYSTEMATICS 

Family LimopsIDAE Dall 1895 

Genus Limopsis Sassi, 1827 

Limopsis satot Amano & Lutaenko, sp. nov. 

(Figures 2a, b, 3a, b, 4a, b) 

Limopsis tokaiensis Yokoyama. Chinzei, 1973: pl. 14, fig. 8. 

Non L. tokaiensis Yokoyama, 1910. 

Diagnosis: A medium-sized Limopsis with thick and sub- 

circular shell and with strong teeth arranged in arcuate 

series. 

Holotype: Length 15.1 mm, height 13.8 mm, width 8.1 

mm, both valves, JUE 15736. 

Paratypes: Length 15.4 mm, height 15.4 mm, thickness 

4.9 mm, right valve, JUE 15737-1; Length 15.7 mm, 

height 13.5 mm, thickness 4.2 mm, right valve, JUE 

15737-2; Length 15.4 mm, height 14.3 mm, thickness 4.4 

mm, right valve, JUE 15737-3; Length 12.6 mm, height 

11.4 mm, thickness 3.3 mm, right valve, JUE 15737-4; 

Length 15.3 mm, height 14.2 mm, thickness 4.7 mm, left 

valve, JUE 15737-5; Length 15.6 mm, height 13.4 mm, 

thickness 4.9 mm, left valve, JUE 15737-6. 

Type locality: 400 m upstream of Tonogedo-zawa, Fu- 
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Table 1 

Associated species of Limopsis hokkaidoensis Amano & 

Lutaenko, sp. nov. at the type locality (Loc. 2). 

Species Depth (m)* 

Limopsis tokaiensis Yokoyama, 1910 = 

Monia macroschisma (Deshayes, 1839) 0-60 

Chlamys (Leochlamys) tanassevitchi 

(Khomenko, 1934) — 

Yabepecten tokunagai (Yokoyama, 1911) — 

Acesta goliath (Sowerby, 1883) 100-1417 

Cyclocardia crassidens (Broderip & 

Sowerby, 1829) 35-360 

Tridonta borealis Schumacher, 1817 10—230 

T. alaskensis (Dall, 1903) 7-500 

Profulvia kurodai (Sawada, 1962) ~- 

Ezocallista brevisiphonata (Carpenter, 1865) 0-30 

Nettastomella japonica (Yokoyama, 1920) 0-300 

Puncturella nobilis (A. Adams, 1860) 0-85 

Littorina sitkana Philippi, 1846 0) 

Trichamathina nobilis (A. Adams, 1867) 50—100 

Fusitriton oregonensis (Redfield, 1846) 0-420 

Boreoscala greenlandica (Perry, 1811) 0-650 

Volutopsius middendorffi (Dall, 1891) 22-450 

Colus nobilis Dall, 1919 50-100 

Volutomitra alaskana (Dall, 1902) 100—200 

* After Higo et al. (1999). 

tatsui Town, Akita Prefecture (40°15'48”N, 140°11'50"E; 

Loc. 1); very fine-grained sandstone of the upper Pliocene 

Sasaoka Formation. 

Stratigraphic and geographic distribution: Upper Pli- 

ocene, Sasaoka Formation; known only from the type lo- 

cality. 

Description: Shell medium in size, thick, compressed, 

subcircular, equivalve, inequilateral. Antero-dorsal mar- 

gin broadly rounded, grading into rounded anterior end; 

ventral margin well rounded; postero-dorsal margin near- 

ly straight, gently sloping into broadly arcuate posterior 

margin. Umbo partly dissolved, but anteriorly situated at 

about two-fifths of shell length. Surface sculptured by 

distinct growth lines as well as very shallow and fine 

radial grooves. Resilifer triangular and shallow. Hinge 

plate wide, with strong teeth arranged in arcuate series, 

seven to 12 in anterior and seven to 11 in posterior series. 

Heteromyarian condition advanced, posterior adductor 

muscle scar much larger than anterior one, distinct ridge 

running behind anterior muscle scar. Inner margin 

smooth. Inner surface covered by very weak radial stri- 

ations. 

Discussion: This new species was collected from very 

fine-grained sandstone of the upper Pliocene Sasaoka For- 

mation, in association with Acila (Truncacila) insignis 

(Gould, 1861), Limatula sp., and Cyclocardia ferruginea 

(Clessin, 1888). Based on the depth range of these species 
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(Higo et al., 1999), Limopsis satoi might have lived in a 

lower shelf environment. 

Chinzei (1973) illustrated a specimen from the Upper 

Pliocene Sasaoka Formation near the type locality of Lim- 

opsis satoi as L. tokaiensis Yokoyama, 1920. The type 

material of L. tokaiensis is characterized by rather thin, 

slightly concave sides of the hinge plate and a wide re- 

silifer (Figure 5). These characters cannot be observed in 

the Chinzei’s specimen. Alternatively, Chinzei’s specimen 

can be identified as L. satoi because of its subcircular 

shell, continuous large teeth, and relatively wide resilifer. 

Moreover, L. satoi differs from L. tokaiensis in having 

smaller and higher shells. 

This new species belongs to the morphological class 

IV of Oliver (1981) because of its thick shell, strong 

teeth, and advanced heteromyarian condition. 

Etymology: This species is named after Dr. Tokiyuki 

Sato, Akita University, who studies calcareous nannofos- 

sils and offered the type material to the authors. 

Limopsis hokkaidoensis Amano & Lutaenko, 

sp. nov. 

(Figures 7, 8a, b, 9a, b, 10) 

Limopsis tokaiensis Yokoyama. Iwai, 1959: pl. 2, figs. 8a, b 

(not figs. 9a, b); Hatai et al., 1961: pl. 1, figs. 10a, b; 

Iwai: 1965, pl. 14, figs. 8a, b (not figs. 9-11). Non L. 

tokaiensis Yokoyama, 1910. 

Limopsis (Empleconia) tokaiensis Yokoyama. Zhikova et al., 

1972, pp. 104-105, pl. 31, figs. 2a,b. Non L. tokaiensis 

Yokoyama, 1910. 

Limopsis (Empleconia) cumingii (Adams). Mizuno & Ama- 

no, 1988, pl. 14, figs. 2, 3. Non L. cumingi (Adams, 

1863). 

Diagnosis: Large Limopsis with thick, compressed, and 

ovate shell, infolded postero-dorsal margin, and shallow 

resilifer. 

Holotype: Length 26.5 mm, height 24.4 mm, thickness 

6.4 mm, left valve, JUE 15739. 

Paratypes: Length 26.7 mm, height 22.8 mm, thickness 

5.8 mm, right valve, JUE 15740-1; Length 40.9 mm, 

height 25.3 mm, thickness 7.1 mm, left valve, JUE 

15740-2. 

Type locality: 50 m upstream of small stream at Okawa, 

Yakumo Town, Hokkaido (42°20'18”N, 140°17’00’E; 

Loc. 2); medium-grained sandstone of the lower Pleisto- 

cene Setana Formation. 

Stratigraphic and geographic distribution: Pliocene 

Parusnaya Formation of Iturup Island (Zhidkova et al., 

1972). Upper Pliocene Kuwae Formation in Niigata Pre- 

fecture (this study). Lower Pleistocene Setana Formation 

in Hokkaido (this study), Hamada (Hatai et al., 1961) and 

Higashimeya (Iwai, 1959, 1965) formations in Aomori 

Prefecture and Haizume (this study) and Kota (Mizuno 

& Amano, 1988) formations in Niigata Prefecture. 
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Description: Shell large, compressed, ovate, equivalve, 

inequilateral. Antero-dorsal margin broadly rounded, 

grading into well rounded anterior margin; ventral margin 

well rounded, grading into rounded posterior margin; pos- 

tero-dorsal margin straight and deeply infolded. Umbo 

produced, orthogyrate, and situated anteriorly at about 

one-third of shell length. Surface ornamented with dis- 

tinct fine growth lines and many fine radial striations. 

Dorsal area of ligament very wide with oblique, shallow, 

and narrow resilifer. Hinge plate wide, posterior portion 

short, with six to 11 anterior teeth and five to eight pos- 

terior teeth. Anterior muscle scar orbicular, strongly im- 

pressed, with distinct ridge behind; posterior scar sub- 

quadrate, larger than anterior and with weak ridge behind. 

Inner margin smooth. Inner surface covered by very weak 

radial striation. 

Discussion: Limopsis hokkaidoensis, sp. nov. differs 

from the Recent species, L. cumingi (A. Adams, 1863) 

(Figure 6) by having a larger and higher shell. Moreover, 

judging from the associated fauna (Table 1), the new spe- 

cies is boreal while L. cumingi now lives in warm waters 

south to Choshi, Chiba Prefecture, central Japan. 

Limoposis vaginata Dall, 1891, is another similar spe- 

cies now living in the northern Pacific region. However, 

it can be easily distinguished from L. hokkaidoensis by 

its elongate shell with a more deeply infolded dorsal mar- 

gin and much more difference between the size of ante- 

rior and posterior muscle scars. 

Iwai (1959, pl. 2, figs. 8a, b; 1965, pl. 14, figs. 8a, b) 

and Hatai et al. (1961) recorded Limopsis tokaiensis Yo- 

koyama, from the lower Pleistocene Higashimeya and 

Hamada formations, both in Aomori Prefecture, northern- 

most Honshu. However, the Hamada specimens stored at 

Tohoku University (IGPS 90510) have large ovate shells 

with a deeply infolded postero-dorsal margin and short 

posterior teeth. Moreover, both Higashimeya and Hamada 

specimens do not have concavities on both sides of the 

hinge plate or straight dorsal margin which are charac- 

teristics of L. tokaiensis. Zhidkova et al. (1972) also re- 

ported L. (Empleconia) tokaiensis from the Pliocene Pa- 

rusnaya Formation of Iturup Island. However, this mate- 

rial can be identified as L. hokkaidoensis because it has 

a large ovate shell with a deeply infolded postero-dorsal 

margin. The lectotype of L. tokaiensis (UMUT CM 

20652; Figure 5) has an infolded dorsal margin thus lead- 

ing to taxonomic confusion. However, adult specimens of 

L. tokaiensis have a weakly infolded postero-dorsal mar- 

gin at both ends of the hinge plate, sometimes becoming 

pointed at the base of the ligament, and having a straight 

dorsal margin as in L. tajimae Sowerby, 1914. 

Mizuno & Amano (1988) illustrated small subcircular 

shells from the lower Pleistocene Kota Formation in Ni- 

igata Prefecture (Figure 7). Judging from their ratio of 

length and height, they can be included in L. hokkai- 

doensis, not in L. cumingi. Generally, the shell size of 
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the southern population collected from Niigata Prefecture 

is smaller than that of Aomori and Hokkaido populations. 

Consequently, L. hokkaidoensis is a characteristic mem- 

ber of the Pliocene to early Pleistocene Omma-Manganji 

fauna (Otuka, 1939) along the Japan Sea side of Honshu 

and Southwestern Hokkaido (Figure 11). 

This new species belongs to morphological class III of 

Oliver (1981) because it has a deeply infolded postero- 

dorsal margin. 

Etymology: This species is named after the type locality. 

Limopsis oliveri Amano & Lutaenko, sp. nov. 

(Figures 12a, b, 13a, b, 16) 

Diagnosis: Small Limopsis with a thin and roundly tri- 

gonal shell, prosogyrate umbo, and with dorsal margin 

not infolded. 

Holotype: Length 9.2 mm, height 8.3 mm, width 4.6 mm, 

both valves, ZMFU XII-19680-By-2969. 

Paratypes: Length 9.0 mm, height 8.5 mm, width 5.2 

mm, both valves, ZMFU XII-19681-Bv-2970-1; Length 

9.1 mm, height 8.8 mm, thickness 2.8 mm, right valve, 

ZMFU XII-19681-Bv-2970-2; Length 8.9 mm, height 8.0 

mm, thickness 2.3 mm, right valve, ZMFU XII-19681- 

By-2970-3; Length 11.1 mm, height 10.2 mm, thickness 

3.0 mm, left valve, ZMFU XII-19681-Bv-2970-4; Length 

10.6 mm, height 9.8 mm, thickness 2.8 mm, left valve, 

ZMFU XII-19681-Bv-2970-5. 

Type locality: Dobroe Nachalo Bay (44°42’8’N, 

147°3'8"E), Okhotsk Sea side of Iturup Island (Loc. 3); 

gravel, at 218 m. 

Geographic distribution: Dobroe Nachalo Bay, Okhotsk 

Sea side of Iturup Island; known only from the type lo- 

cality (Loc. 3) and Loc. 4 near the type locality (ZMFU 

XII 19682-BV-2971) at depths of 54-218 m. 

Description: Shell small, thin, compressed, subtriangular, 

equivalve, subequilateral. Antero-dorsal margin broadly 

arcuate, grading into anterior margin; ventral margin 

broadly arcuate; postero-dorsal margin nearly straight, 

gently sloping into subtruncated posterior margin. Umbo 

prosogyrate, produced, situated at two-fifths anteriorly to 

midpoint of shell length. Surface sculptured by distinct 
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Figure 11. Distribution of Limopsis hokkaidoensis Amano & 

Lutaenko, sp. nov. 1. Kota Formation (Mizuno & Amano, 1988). 

2. Haizume Formation (this study). 3. Kuwae Formation (this 

study). 4. Higashimeya Formation (Iwai, 1959, 1965). 5. Hamada 

Formation (Hatai et al., 1961). 6. Setana Formation (type locality, 

this study). 7. Parusnaya Formation (Zhidkova et al., 1972). 

growth lines and faint fine, radial striations. Dorsal area 

short, ligament in shallow and wide resilifer. Hinge plate 

with five to seven anterior and six to eight posterior teeth. 

Heteromyarian condition slight, anterior adductor muscle 

scars being slightly larger. Inner margin smooth. Inner 

surface covered by distinct radial striations. Long and fine 

periostracal bristles yellowish brown, lying flat against 

shell and forming a narrow fringe. 

Figures 2-10. Fossil new species of Limopsis and their compared species. Figures 2—4. Limopsis satoi Amano & 

Lutaenko, sp. nov.. Figures 2a, b. Paratype, length = 12.6 mm, JUE no. 15737-4. Figures 3a, b. Paratype, length 

= 15.4 mm, JUE no. 15737-3. Figures 4a, b. Holotype, length = 15.1 mm, JUE no. 15736: Loc. 1. Figure 5. 

Lectotype of Limopsis tokaiensis Yokoyama, length = 27.8 mm, UMUT CM 20652, Koshiba, Kanagawa Pref., 

Japan. Figure 6. Limopsis cumingi (A. Adams), length = 15.9 mm, JUE no. 15743, Shionomisaki, Wakayama Pref., 

Japan. Figures 7-10. Limopsis hokkaidoensis Amano & Lutaenko, sp. nov.. Figure 7. Limopsis (Empleconia) cum- 

ingii (Adams) by Mizuno & Amano (1988), length = 12.6 mm, JUE no. 15085, Joetsu, Niigata Pref., Japan. Figures 

8a, b: Holotype, length = 26.5 mm, JUE no. 15739. Figures 9a, b. Paratype, length = 26.7 mm, JUE no. 15740- 

1: Figure 10. Paratype, length = 40.9 mm, JUE no. 15740-2: Loc. 2. 
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Figures 12-16. Recent new species of Limopsis and its compared species. Figures 12, 13, 16. Limopsis oliveri Amano & Lutaenko, 

sp. nov.. Figures 12a, b, Paratype, length = 9.1 mm, ZMFU XII-19681-Bv-2970-2. Figures 13a, b. Holotype, length = 9.2 mm, ZMFU 

XII-19680-Bv-2969. Figure 16. Paratype, length = 11.1 mm, ZMFU XII-19681-Bv-2970-4: Loc. 3. Figures 14a, b. Limopsis adamsiana 

Yokoyama, lectotype, length = 8.2 mm, UMUT CM 20679, Koshiba, Kanagawa Pref. Japan. Figure 15. Limopsis brazieri Angas, 

syntype, length = 5.0 mm, BMNH 1871.7.5.30, Port Jackson, Southeast Australia. 

Discussion: Limopsis oliveri is most similar to the extinct 

species L. adamsiana Yokoyama, 1920, which ranges 

from the Pliocene to middle Pleistocene in Kanto Region, 

Pacific side of central Honshu. Limopsis oliveri and L. 

adamsiana share such characteristics as small size, pro- 

sogyrate umbo, subtriangular shape, subisomyarian mus- 

cle scars, and strongly sculptured inner surface. The shell 

surface of the lectotype of L. adamsiana (UMUT CM 

20679; Figure 14) from the Pleistocene Koshiba Forma- 

tion in Kanagawa Prefecture is water worn. However, 

most specimens from the lower Pleistocene Higashihigasa 

Formation in Chiba Prefecture housed at Tohoku Univer- 

sity (IGPS 25160) have fine and distinct concentric lines 

as in L. oliveri. Limopsis oliveri slightly differs from L. 

adamsiana in having no infolding at the anterior dorsal 

margin just anterior the umbo. Although there is no in- 

formation on the periostracum and ligament of L. adam- 

siana, we believe that the present new species is a de- 

scendant form of L. adamsiana. 

Limopsis brazieri Angas, 1871, living in southeast Aus- 

tralia, was designated as the type species of Phrynelima by 

Iredale (1929). L. brazieri is also similar to L. oliveri in its 

small size, prosogyrate umbo, concentric surface sculpture, 

and radial striations on the inner surface. However, the syn- 

types of L. brazieri (BMNH 1871.7.5.30; Figure 15) are 

easily distinguished from L. oliveri in having a smaller shell, 

a more produced beak, a straight dorsal margin, thin per- 

iostracum near ventral margin, subtruncated anterior margin, 

and narrow triangular ligament. ; 

Limopsis lilliei Smith, 1885, living in the seas around 

the Antarctic, resembles L. oliveri in its small size, sub- 

isomyarian muscle scars, and strongly sculptured inner 

surface. However, L. lilliei has a more tumid shell, a less 

prosogyrate umbo, a unique ligament (D type of Oliver, 

1981), and a pilose periostracum. 

This new species belongs to morphological class XII 

of Oliver (1981) because of its small shell, prosogyrate 

umbo, and subisomyarian muscle scars. 

Etymology: This species is named after Dr. P. Graham 

Oliver, National Museum of Wales who has contributed 

to our knowledge of the functional morphology and evo- 

lution of Limopsis. 

HISTORY oF CENOZOIC LIMOPSIS IN THE 

NORTHWESTERN PACIFIC 

There is no Paleogene record of Limopsis in the north- 

western Pacific. Limopsis of the northwestern Pacific area 

diversified somewhat in the early to early middle Mio- 

cene. From western and central Honshu, eastern Hokkai- 

do, southwestern Sakhalin, and southern Kurile Islands, 

the following species have been recorded (Tsuda, 1959; 

Araki, 1960; Okamoto et al., 1986; Morita et al., 1996; 

Ilyina, 1954; Zhidkova et al., 1972): L. osawanoensis 

Tsuda, 1959; L. cumingi (A. Adams, 1863); L. sp. by 

Okamoto et al. (1986); L. tsubetsuensis Morita & Titova 

in Morita et al., 1996; L. sp. by Ilyina (1954); L. oblonga 

A. Adams, 1860. 
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In the Plio-Pleistocene, limopsids extensively diversi- 

fied especially in and around the Japanese Islands. Nine 

species have been described in and around Japan; L. ta- 

jimae Sowerby, 1914; L. uwwadokoi Oyama, 1951; L. to- 

kaiensis Yokoyama, 1910; L. auritoides Yokoyama, 1920; 

L. obliqua A. Adams, 1863; L. cumingi (A. Adams, 

1863); L. oblonga (A. Adams, 1860); L. japonica (A. Ad- 

ams, 1863); L. adamsiana Yokoyama, 1920 (Hatai & Ni- 

styama, 1952; Zhidkova et al., 1972; Masuda & Noda, 

1976). Two new species described here, L. satoi and L. 

hokkaidoensis confined to the Plio-Pleistocene deposits 

mainly in the Japan Sea borderland, are added to this list. 

In the Pliocene to early Pleistocene, the Japan Sea be- 

came semi-enclosed (Ogasawara, 1994) and enabled 

many endemic species of Omma-Manganji fauna (Otuka, 

1939) including L. satoi and L. hokkaidoensis to arise in 

the Pliocene. However, by the end of early Pleistocene, 

they became extinct because of environmental deteriora- 

tion in the Japan Sea after the middle Pleistocene like 

other deep-water species (Amano et al., 1996). 

Some recent species, L. tajimae, L. uwadokoi, L. ob- 

liqua, L. cumingi, L. oblonga, and L. japonica have sur- 

vived in and around Japanese Islands. Among them, four 

species (L. tajimae, L. cumingi, L. oblonga, and L. ja- 

ponica) are also known from Korea and three species (L. 

tajimae, L. oblonga, and L. japonica) are reported from 

China (Li, 1990; Kwon et al., 2001). Four recent species 

of the northwestern Pacific, L. belcheri (Adams & Reeve, 

1850), L. crassula Habe, 1953, L. kurilensis Scarlato, 

1981, and L. oliveri sp. nov. have no fossil record and 

might have arisen very recently. 
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Abstract. Five naticiform gastropod species, not commonly found in Cretaceous rocks on the Pacific slope of North 

America, are described, and their paleobiogeographic implications are discussed. The moderately large Tylostoma alli- 

soni, sp. nov. of Early Cretaceous (late Aptian) age from northern Baja California, Mexico, represents the earliest record 

of this tylostomatid genus in North America. Restudy of the Late Cretaceous (late early to early late Maastrichtian) 

Phasianella garzana Anderson, 1958, from central California, revealed that it might be a Tylostoma. These two species, 

along with 7ylostoma? sp. indet. of late Aptian age from northern Baja California, represent all the known occurrences 

of this genus from the study area. Tylostoma is a cosmopolitan gastropod genus that originated during the Late Jurassic 

in the Old World Tethys Sea region. 

The very rare Pictavia santana, sp. nov. of Late Cretaceous (late Turonian) age from southern California represents 

the first and youngest record of this obscure naticiform genus in the New World. Pictavia originated during the Late 

Triassic in the Tethys Sea region. 

The moderately large Prisconatica hesperia, sp. nov. of Late Cretaceous (late Santonian to early Campanian) age, 

from near Nanaimo, Vancouver Island, British Columbia, and rare in the Santa Ana Mountains, southern California, 

represents the first record of this obscure naticiform genus on the Pacific slope of North America, as well as its youngest 

and northernmost record. Prisconatica apparently originated during the Early Cretaceous (Albian) in the New World. 

INTRODUCTION (Allison, 1955) from the Pacific slope of North America. 

These species are from strata that Allison originally re- 

ported as being middle Albian, but later (Allison, 1974) 

refined as being upper Aptian. Our restudy of Allison’s 

original material, as well as additional specimens found 

in museum collections, revealed that one of these species 

is Tylostoma allisoni, sp. nov. and the other is Tylostoma? 

sp. indet. 

The record of Tylostoma is herein tentatively extended 

into California, based on the recognition of a rare species, 

Tylostoma? garzana (Anderson, 1958), described as a 

While studying the collections of several museums that 

have Cretaceous fossils from the region extending from 

Vancouver Island, British Columbia, Canada, southward 

to Baja California, Mexico, we came across some mostly 

large, naticiform gastropods that are not commonly found 

in the study area. Inquiries to our colleagues in British 

Columbia resulted in the loan of some additional and very 

useful specimens. 

Three genera of naticiform gastropods are represented 

in our study: Tylostoma Sharpe, 1849; Pictavia Coss- 
mann, 1925: and Prisconatica Gabb, 1877. As will be Phasianella Lamarck, 1804, from upper lower to lower 

discussed in this paper, these genera have traditionally upper Maastrichtian strata of central California. 
been regarded as naticids, but now this assignment is Pictavia Cossmann, 1925, as will be discussed later, 

questioned. Bandel (1999) reported that the early history was predominantly known from Jurassic strata in the Old 

of the naticids is difficult to ascertain because of unrec- World. The paleobiogeographic range of this genus is 

ognized convergence in form of fossil species belonging herein tentatively extended to the Pacific slope of North 

to unrelated groups of gastropods. America, based on the discovery of the very rare Pictavia 

Tylostoma Sharpe, 1849, is an extinct genus indicative santana, sp. nov. in upper Turonian rocks in southern 

of tropical to warm-temperature seas (Sohl, 1971; Koll- California. 

mann, 1992). Although it was widespread during the Cre- The paleontologic record of Prisconatica Gabb, 1877, 

taceous, only two species have been previously reported is sparse. As will be discussed later, it is apparently re- 
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Figure 1. Locator map and chronostratigraphic positions of the new and restudied Late Cretaceous gastropods. Geologic ages from 

Gradstein et al. (1994). 1 = Brannen Lake. 2 = Los Banos Creek. 3 & 4 = Santa Ana Mountains. 5 = Punta China. 

stricted to Cretaceous rocks of the New World. The pa- 

leobiogeographic range of this genus in North America 

is herein extended to the Pacific slope of North America, 

based on the recognition of Prisconatica hesperia, sp. 

nov. in collections from the uppermost Santonian to lower 

Campanian strata of Vancouver Island, British Columbia, 

and from lower Campanian strata in southern California. 

These specimens, which are locally moderately common, 

represent the youngest species of Prisconatica. 

The objectives of this paper are to describe and illus- 

trate the above-mentioned naticiform species and to de- 

termine or update their stratigraphic occurrences. This pa- 

per establishes more fully the paleontologic record of Ty- 

lostoma on the Pacific slope of North America and also 

establishes for the first time in this area, the occurrence 

of Pictavia and Prisconatica. All of this new information 

significantly extends the paleobiogeographic ranges of 

these uncommon gastropods. 

The geologic ages and depositional environments of 

the study area formations and members cited in this pre- 

sent paper have been summarized in recent papers by 

Squires & Saul (2001, 2003) and Saul & Squires (2003). 

The locales and stage occurrences of the new species and 

restudied species are shown in Figure 1. Morphological 

terms used here are defined by Cox (1960) and Linsley 

(1977). Abbreviations used for catalog and locality num- 

bers are: CAS, California Academy of Sciences, San 

Francisco; GSC, Geological Society of Canada, Vancou- 

ver; LACMIP, Natural History Museum of Los Angeles 

County, Invertebrate Paleontology Section; RBCM, Roy- 

al British Columbia Museum, Victoria; SDSNH, San Di- 

ego Society of Natural History, San Diego; UCMP, Uni- 

versity of California Museum of Paleontology (Berkeley); 

VIPM, Vancouver Island Paleontological Museum at 

Qualicum Beach, British Columbia. 

PALEOBIOGEOGRAPHY 

Tylostoma 

According to Cossmann (1925), the earliest record of 

Tylostoma is the Late Jurassic (Kimmeridgian) Pterodon- 

ta corallina Etallon in Loriol, 1887, from France. Al- 
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though Gemmellaro (1878) named Tylostoma rimatum, T. 

sellae, T. antiquum, T. zitteli, and T. densistriatum from 

Lower Jurassic strata of Sicily, his generic assignment is 

not plausible. The first four are very similar to each other 

and appear to belong to the pseudomelaniid genus Oonia 

Gemmellaro, 1878, rather than to Tylostoma, because of 

their taller and narrower spire, wider and somewhat an- 

gular peripheral region on the last whorl, and occasion- 

ally, a well delineated anterior portion of the inner lip. 

“Tylostoma”’ densistriatum has an abapical canal, which 

is a morphologic feature not associated with Tylostoma. 

By the latest Jurassic, Tylostoma had spread into Sicily 

and the Carpathian Mountains region of eastern Europe 

(Cossmann, 1925), and during the Early Cretaceous (Neo- 

comian) Tylostoma was present in western Europe (Pictet 

& Campiche, 1863) and South America (Weaver, 1931; 

Riccardi, 1988:table 5). By the late Early Cretaceous (Ap- 

tian), Tylostoma had become widespread, with species 

known from Sinai (Abbass, 1963), Tunisia (Pervinquiére, 

1912; Darteville & Brebion, 1956), Japan (Nagao, 1934; 

Kase, 1984), Switzerland, France, and England (Coss- 

mann, 1925), and Baja California (Allison, 1955), as well 

as questionably from Angola (Darteville & Brebion, 

1956). Its arrival in Baja California coincided with both 

a global trend of rising sea level (Haq et al., 1987) and 

with warm and equable surface waters (Frakes, 1999). A 

likely dispersal route might have been by way of the east- 

ernmost Tethys (Japan) and the northern Pacific gyre. The 

evidence is that earlier southward occurrences are lacking 

in the mainland of Mexico, the Gulf Coast of the United 

States, and northern South America. If Tylostoma had ar- 

rived on the Pacific slope of North America via an equa- 

torial route connected to the western Tethys, there should 

be some record of it in these low-latitude locales. 

During the Albian, Tylostoma continued to be present 

in Europe (Cossmann, 1925), as well as in Tunisia and 

the Angola-Gabon region (Darteville & Brebion, 1956), 

but it also spread into central Texas (Stanton, 1947; Akers 

& Akers, 1997). The Albian might have been the time of 

peak diversity for Tylostoma, based on reports by Coss- 

mann (1925) and Akers & Akers (1997), but determina- 

tion of the ages of some occurrences is difficult because 

of imprecise stratigraphy. 

Relatively few Cenomanian species of Tylostoma are 

known, but it has been reported from strata of this age in 

France (Cossmann, 1925) and Texas (Akers & Akers, 

1997). 

The Turonian nearly rivaled the Albian in terms of di- 

versity and widespread distribution of Tylostoma, with 

species reported from Portugal (Sharpe, 1849), Gabon 

(Darteville & Brebion, 1956), Tunisia and Syria (Pervin- 

quiere, 1912), Egypt and Sinai (Abbass, 1963), Mada- 

gascar (Darteville & Brebion, 1956), the Caucasus Moun- 

tains of the Black Sea area and central Asia (Pchelintsev, 

1951), northeastern Brazil (White, 1887; Bengston, 1983: 

table 3), and southern California (this paper). 
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Post-Turonian species of 7ylostoma are rare. Pchelin- 

tsev (1951) reported a single species from the Santonian 

of central Asia. No Campanian species have been report- 

ed. The only Maastrichtian occurrence that we are aware 

of is 7.? garzana (Anderson, 1958) from upper lower to 

lower upper Maastrichtian strata of central California. 

Rosenkrantz (1970) reported Tylostoma ampullariae- 

forme Ravn (1902) from middle Danian strata of Den- 

mark and Belgium, and he reported Tylostoma sp. aff. T. 

ampullariaeforme Ravn from upper Danian strata of West 

Greenland. Kollmann & Peel (1983) regarded these two 

taxa to be conspecific, thus, the youngest species of Ty- 

lostoma is T. ampullariaeforme. 

Pictavia 

Pictavia evidently originated during the Late Triassic 

in western Europe (Cossmann, 1925). During the Middle 

and Late Jurassic, it was mostly confined to western Eu- 

rope (Cossmann, 1925), but at least one species occurred 

in East Africa (Cox, 1965). Near the end of the Jurassic, 

the genus had been reduced to two known species, one 

from France and one from the Carpathian Mountains re- 

gion of eastern Europe (Cossmann, 1925). The Creta- 

ceous record of this genus is sparse. Other than a middle 

Albian to early Cenomanian species from Austria (Koll- 

mann, 1978), the only other Cretaceous record is Pictavia 

santana, sp. nov, from the late Turonian of southern Cal- 

ifornia. It represents the youngest record of this genus. 

The spread of Tethyan forms, like Pictavia, into Califor- 

nia during the Turonian might, in part, reflect the closing 

of the connection between the eastern North Pacific and 

Canadian Arctic seas, and, in part, result from the high 

sea stand of the Turonian. The Turonian coincided with 

exceptional warming (Frakes, 1999), which allowed a 

conspicuous number of Tethyan forms, including rudists, 

to exist in late Turonian faunas of Oregon and northern 

California (Saul, 1986). In addition, the seaway across 

southern Mexico, which persisted through the Turonian, 

was apparently widest in the Turonian (Imlay, 1944; 

Alencaster, 1984). This Turonian high-sea stand would 

have facilitated faunal exchanges between the Old World 

and the eastern North Pacific Province (Saul, 1986). 

Prisconatica 

The earliest known record of this genus is Prisconatica 

pedernalis (Gabb, 1869) of middle Albian age from near 

Arivechi, Sonora, Mexico (Gabb, 1869; King, 1939). The 

genus is also known from Cretaceous strata near Ollon, 

Cajatamba Province, coastal central Peru (Gabb, 1877), 

but the exact age of its occurrence there is not known. 

From the late Albian to the early Santonian, the paleo- 

biogeographic record of Prisconatica is not known. By 

late Santonian/early Campanian, Prisconatica had immi- 

grated to southern California and to Vancouver Island, 

British Columbia. Prisconatica hesperia, sp. nov., from 
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these two areas is the youngest record of this genus. Pris- 

conatica was apparently confined to the New World. 

SYSTEMATIC PALEONTOLOGY 

Superorder CAENOGASTROPODA? Cox, 1959 

Family TyLOSTOMATIDAE Stoliczka, 1868, emended 

Squires & Saul 

[synonym: Tylostomidae Pchelintsev, 1951] 

Discussion: Family Tylostomatidae [note: the combining 

form of the Greek noun stoma (mouth) is stomat-], in our 

opinion, is monotypic. There has been considerable un- 

certainty and instability concerning the systematic place- 

ment of 7ylostoma Sharpe, 1849. Stolickza (1868:294) 

stated that he did not know of a single genus of Recent 

gastropods that can be closely compared with Tylostoma, 

and he placed it in his subfamily Tylostominae within 

family Naticidae Guilding, 1834 (not Forbes, 1838; see 

Kabat, 2000). Under ICZN Article 36.1, a family-level 

name is deemed simultaneously established at all levels 

(e.g., family, subfamily) upon its initial description 

(ICZN, 1999). Cossmann (1925) placed this genus in 

family Euspiridae Cossmann, 1907. Pchelintsev (1951) 

placed Tylostoma in his family Tylostomidae Pchelintsev, 

1951, but he was unaware that Stoliczka had already used 

the name. Most modern workers (e.g., Darteville & Bre- 

bion, 1956; Ponder & Warén, 1988; Akers & Akers, 

1997) have followed Wenz (1941) and placed Tylostoma 

in family Naticidae. Kase (1984) tentatively placed Ty- 

lostoma in family Naticidae, although he did not state 

why he regarded this assignment as tentative. Kabat 

(1991) suggested that Tylostoma might not even belong 

to the Caenogastropoda. Kase & Ishikawa (2003) report- 

ed that all Jurassic and Early Cretaceous gastropods pre- 

viously regarded as naticids belong to Ampullospiridae 

Cox, 1930. Until more detailed studies are available, 

however, we are reluctant to implement their all-inclusive 

taxonomic comment. 

Although Tylostoma has traditionally been considered 

to be a naticid, it has characters that set if off from na- 

ticids: usually elongate shell, internal varices (commonly 

two per whorl), and predominantly orthocline growth 

lines that are prosocline only on the subsutural and basal 

areas. In addition, Tylostoma seems to have a radial ap- 

erture, which means that the plane of the aperture is not 

at an angle to the shell axis (see Linsley, 1977:fig. 1). 

Kase (1984) also referred to the radial aperture of Tylos- 

toma. Using the convention of Linsley (1977:fig. 1), most 

naticids have a tangential aperture, which means that the 

plane of the aperture is at an angle to the shell axis but 

parallel to the substrate. Furthermore, most naticids have 

a prosocline growth line which results from having a tan- 

gential aperture. Linsley (1977) suggested that a tangen- 

tial aperture gives gastropods a better chance at snugging 

down to the substrate, in case of attack. Naticids are noted 
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for living in sand (rather than mud) and burrowing 

through it in search of prey (Kabat, 1990). So, it would 

seem that the tangential apertural plane and prosocline 

growth lines of most naticids help streamline them to 

make better headway through sand. Thus, it would seem 

that Tylostoma, which has a radial aperture and opisth- 

ocline-growth lines carried its shell differently than do 

most naticids. In addition, Texas Tylostoma specimens 

stored at LACMIP are in very fine-grained rock, not in 

sandstone. Assuming that these specimens underwent 

burial in place, they would have lived in mud substrate. 

In summary, we exclude Tylostomatidae from within 

the definition and scope of Naticidae, thereby making Ty- 

lostomatidae incertae sedis within Caenogastropoda. The 

usually elongate shell, internal varices, orthocline-growth 

lines, radial aperture, and preference for muddy substrate 

set Tylostoma apart from naticids. 

Genus 7ylostoma Sharpe, 1849 
[synonyms: Varigera d’Orbigny, 1850a and 

Varicigera Douvillé, 1916] 

Type species: Tylostoma torrubiae Sharpe, 1849, by sub- 

sequent designation (White, 1880:142); Cretaceous, Por- 

tugal. 

Diagnosis: Shell commonly large, naticiform, elongate to 

nearly spherical, smooth, spire very low to high, whorls 

rounded, anomphalous, aperture radial, inner lip simple 

and commonly covered by thin to rarely thick callus, bas- 

al lip broadly curved dorsally, outer lip usually thickened 

to form internal varices (commonly two per whorl), outer 

lip occasionally flared, growth lines predominantly or- 

thocline, but prosocline on subsutural and basal areas. 

Discussion: Stoliczka (1868:292) reported Varigera 

d’Orbigny, 1850a, to be a junior synonym of Tylostoma, 

and Cossmann (1925:61) agreed. Kabat (1991:437) also 

included Varicigera Douvillé, 1916, as a junior synonym 

of Tylostoma. 

There has been some confusion about which species is 

the type species of Tylostoma. Most workers have fol- 

lowed Wenz (1941:1026) and used Tylostoma globosum 

as the type species. This confusion stems from the fact 

that Sharpe (1849) did not designate a type species for 

Tylostoma, and White (1880:142) incorrectly inferred that 

Sharpe had designated one; namely, Tylostoma torrubiae 

Sharpe, 1949. According to ICZN Article 69.1.1 (ICZN, 

1999), Tylostoma torrubiae, however, does become the 

type species because White stated it was already the type 

species and he used it as the type. The designation of 

Tylostoma globosum Sharpe as the type species by Wenz 

(1941:1026), therefore, is invalid. This is fortunate be- 

cause, as will be discussed in the next paragraph, T. glo- 

bosum is unusually spherical for a Tylostoma. Kabat 

(1991:437) correctly reported the type species to be Ty- 

lostoma torrubiae Sharpe, 1849. 
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Tylostoma shows a considerable range in the shape of 

the last whorl and the height of the spire. Tylostoma glo- 

bosum Sharpe (1849:379, pl. 9, figs. 5, 6), from Turonian 

strata of Europe and Africa (Pervinquiere, 1912; Coss- 

mann, 1925), for example, is nearly spherical, with a very 

low spire, overlapping whorls, and probably a thickened 

outer lip (Wenz, 1941:1027, fig. 2941). Tylostoma cossoni 

Thomas, 1890, from Turonian strata in Gabon, Tunisia, 

Egypt, and Madagascar (Darteville & Brebion, 1956), has 

a low spire but not as low as on T. globosum. Tylostoma 

gadensis Abbass, 1963, from Turonian strata of Sinai, 

shows a range from a low to a moderately high spire. 

Most reported species of Tylostoma are less globose and 

have a much taller spire than 7. globosum (e.g., see Gabb, 

1869; Bose, 1910; Cossmann, 1925; Nagao, 1934; Stan- 

ton, 1947; Allison, 1955; Abbass, 1963; Kase, 1984; Ak- 

ers & Akers, 1997), and the two species described herein 

also have a high spire. 

Many specimens of Tylostoma are preserved as stein- 

kerns (internal molds). On these internal molds, inner var- 

ices are commonly present (each varix probably coinci- 

dent with longitudinal prominence parallel to growth lines 

on outer surface of shell). Stoliczka (1868:293) reported, 

however, that the internal varices are not always present 

on the spire whorls. 

For a discussion of the taxonomic history of Tylosto- 

ma, see Kase (1984:156). As summarized by him, there 

has been considerable confusion in the literature regard- 

ing whether Pterodonta d’Orbigny, 1842, and Tylostoma 

are synonymous, or if Pterodonta is so distinctly different 

as to be in a different family. Stoliczka (1867) believed 

Pterodonta to be congeneric with Tylostoma. Stoliczka 

also believed that Pterodonta is a strombid because Pter- 

odonta has an expansion of the outer lip and an aperture 

whose abapical end is notched or produced into a short 

canal. Although some Prerodonta species (e.g., Pterodon- 

ta elongata dOrbigny, 1842, and Pterodonta ovata 

d’Orbigny, 1842) do show winglike expansions of the 

outer lip, the illustration of Pterodonta inflata d@ Orbigny 

(1842:219), the species designated by Cossmann (1904) 

as the type species of Pterodonta, unfortunately, only 

shows the abapertural view, and the aperture does not 

appear to be expanded. Kollmann (1985:99, figs. 5d, e) 

provided an apertural view of this species, and the spec- 

imen is a tear-drop-shaped steinkern whose aperture is 

poorly preserved. Wenz (1940) and Kollmann (1985) as- 

signed P. inflata to the stromboidean family Colombel- 

linidae Fischer, 1884. 

Darteville & Brebion’s (1956:41, pl. 3, figs. 4a, b) il- 

lustrations of Pterodonta inflata do not look like any oth- 

er illustrations of this gastropod, and we believe their 

specimen is misidentified as to genus and species and 

should be placed in Tylostoma. 

Wenz (1941) listed two subgenera in genus Tylostoma: 

Tylostoma _sensu_ stricto and Stelzneria Geinitz, 1874 

(type species: Stelzneria cepaceum Geinitz, 1874, Ceno- 
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manian of Europe). Stelzneria is based only on its type 

species (see Wenz, 1941:fig. 2942). Kabat (1991:437) re- 

ported that Stelzneria is referable to family Stiliferidae H. 

Adams & A. Adams, 1853. There are no subgenera, 

therefore, of Tylostoma. 

According to Kase (1984:157), several other genera 

have been confused with Tylostoma, and he discussed the 

differences. The most similar of these genera is Amau- 

rellina Fischer, 1885 (type species: Natica spirata La- 

marck, 1804), which is characterized by a narrow and 

high spire, tabulate whorls, a wide aperture, a narrow um- 

bilicus, and no inner varices. The least similar of these 

genera is Pseudamaura Fischer, 1885, which is charac- 

terized by a high spire, channeled suture, commonly oc- 

curring spiral sculpture, no umbilicus (or only a small 

slit), and no inner varices. Natica bulbiformis Sowerby, 

1832, the type species of Pseudamaura, also has tabulate 

whorls, nearly straight growth lines, and a prominent cal- 

lus on the inner lip. Pseudamaura has traditionally been 

placed in the Naticidae. The work of Kowalke & Bandel 

(1996) and Kowalke (1998), however, has shown that 

Pseudamaura has a protoconch different from that of Na- 

ticidae, and the genus is now placed in family Pseuda- 

mauridae Kowalke & Bandel, 1996. Furthermore, Pseu- 

damauridae has just recently been recognized (Kowalke 

& Bandel, 1996; Bandel, 1999) as representing probable 

cerithimorphoid gastropods. 

Tylostoma resembles Pseudotylostoma Thering, 1903, 

which is based only on its type species, Pseudotylostoma 

romeroi thering, 1903, from Cretaceous strata of southern 

Argentina. This species is known from the provincial Ro- 

canéen Stage, which, according to Ameghino (1906), is 

equivalent to the Cenomanian. Unfortunately, all the pub- 

lished illustrations of P. romeroi Ihering (1903:207, pl. 

1, fig. 8; Wenz, 1941:fig. 2928) only show the abapertural 

view of the same steinkern. More specimens are needed 

to ascertain the full morphology of this genus and to 

properly establish its taxonomic status. 

Tylostoma allisoni Squires & Saul, sp. nov. 

(Figures 2—6) 

Tylostoma (Tylostoma) cf. T. (T.) materinum White. Allison, 

1955:428, pl. 44, fig. 16. 

Diagnosis: Large Tylostoma with shell moderately ovate- 

elongate, spire high, last whorl with very narrow varix 

on left side, inner lip with thin callus, outer lip thick, and 

growth lines mostly orthocline, but prosocline on subsu- 

tural and basal areas. 

Description: Shell large (up to 123 mm in height), ovate- 

elongate, and thick. Shell height/shell diameter ratio ap- 

proximately 2. Spire high, approximately 35% of shell 

height. Pleural angle approximately 55°. Protoconch miss- 

ing. Teleoconch whorls seven. Suture moderately 1m- 

pressed. Whorls rounded and smooth; last whorl with 
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Figures 2—7. Specimens coated with ammonium chloride. Figures 2—6. Tylostoma allisoni Squires & Saul, sp. nov. Figures 2-3. 

Holytype UCMP 33732, UCMP loc. A-8321, 0.75. Figure 2. Apertural view. Figure 3. Left-lateral view. Figures 4—6. Paratype CAS 

69105, Punta China, Baja California, Mexico, <0.9. Figure 4. Apertural view. Figure 5. Left-lateral view. Figure 6. Abapertural view. 

Figure 7. Tylostoma? sp. indet., Hypotype UCMP 33741, UCMP loc. A-8317, <1, abapertural view. 
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slight shoulder. Specimens with slightly decorticated 

shells showing one prominent, very narrow varix along 

peripheral margin on left side of last whorl at exactly 90° 

to aperture. Anomphalous. Aperture oval, radial, approx- 

imately 46% of shell height. Inner lip with thin callus. 

Outer lip thick. Columella smooth. Growth lines mostly 

orthocline but prosocline on subsutural and basal areas, 

with greatest deflection on last whorl periphery. 

Holotype: UCMP 33732. 

Dimensions of holotype: Specimen of seven whorls, 

height 123 mm, diameter 58 mm. 

Type locality: UCMP A-8321, 31°32'N, 116°39'30"W. 

Paratype: CAS 69105. 

Geologic age: Late Aptian. 

Distribution: Alisitos Formation, upper member, north- 

ern Baja California, Mexico. 

Discussion: In addition to the holotype and paratype, we 

were able to identify only one other specimen, which is 

a former UCMP specimen now stored at SDSNH. This 

latter specimen, of which the right half of the spire is 

missing, is from UCMP loc. A-8331. All three specimens 

of the new species are from the upper member of the 

Alisitios Formation at Punta China, Baja California, Mex- 

ico. The holotype of the new species has been moderately 

compressed dorsoventrally, thus the left-lateral view 

shown in Figure 3 looks somewhat narrow. 

The new species is closely similar to Tylostoma mi- 

yakoense Nagao (1934:247—-249, pl. 34, figs. 1-7; pl. 35, 

figs. 1, la—c; pl. 39, fig. 3; Kase, 1984:158-159, pl. 26, 

figs. 1-4) from upper Aptian to lower Albian strata of 

northeastern Honshu, Japan (Kase, 1984), but the new 

species differs by having a larger shell, a more slender 

last whorl (height is approximately 2 times the diameter, 

rather than 1.6), a narrower pleural angle (55° rather than 

75°), and a wider aperture. 

The new species is similar to Tylostoma tumidum (Shu- 

mard, 1853:208, pl. 5, fig. 3; Stanton, 1947:70—71, pl. 53, 

figs. 6-9; Akers & Akers, 1997:150, fig. 142 [in part]) 

from Albian strata in Texas and Louisiana (Akers & Ak- 

ers, 1997), but differs from 7. tumidum by having an oval 

rather than a comma-shaped aperture, much narrower var- 

ix, and more impressed sutures. The new species is also 

similar to Tylostoma kentense Stanton (1947:69, pl. 52, 

figs. 4,5, 10; Akers & Akers, 1997:148, fig. 140 [in part]) 

from Cenomanian strata of Culbertson County, Texas 

(Akers & Akers, 1997), but differs from T. kentense by 

having an oval rather than a subquadrate aperture and a 

thinner callus on the inner lip. In addition, the new spe- 

cies is similar to Pterodonta? gramanensis Muniz (1993: 

125, pl. 12, figs. 4,5) from Campanian to Maastrichitan 

strata of northeastern Brazil, but differs from P.? gra- 

manensis by not having a thick callus on the inner lip. 
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The new species differs from Tylostoma materinum 

White (1887:189, pl. 17, fig. 1; Maury, 1937:196—-197, 

pl. 15, fig. 2, pl. 16, fig. 1) from Cretaceous strata of the 

Sergipe basin in northeastern Brazil by having a narrower 

last whorl, a shorter penultimate whorl, and a less dra- 

matiac rise to the adapical end of the outer lip. The exact 

age of this Brazilian species is not known because of 

imprecise locality information. 

Etymology: Named for Edwin C. Allison, in recognition 

of his important work on mollusks of the Alisitos For- 

mation. 

Tylostoma? sp. indet. 

(Figure 7) 

Tylostoma (Tylostoma) mutabilis Gabb. Allison, 1955:428, 

pl. 44, fig. 8. 

Geologic age: Late Aptian. 

Discussion: Only three specimens of this taxon are 

known. They are all under 36 mm in height and from 

UCMP loc. A-8317, which is in the upper member of the 

Alisitos Formation, Baja California, Mexico. The largest 

specimen is missing half of its shell, and Allison (1955: 

pl. 44, fig. 8) illustrated the cross-section longitudinal 

view of this shell. The abapertural side of this specimen 

is illustrated (Figure 7) for the first time. This side of the 

specimen, however, underwent considerable damage dur- 

ing cleaning by others, and it is very hard to decipher its 

morphologic details. The other two specimens are incom- 

plete and also suffered loss of detail by improper cleaning 

by others. It cannot be determined whether or not they 

had internal varices. Allison (1955:428, pl. 44, fig. 8) 

identified these three specimens as Tylostoma (Tylosto- 

ma) mutabilis Gabb (1869:261—262, pl. 35, fig. 6a—c; 

Carrenio et al., 1989:174, fig. 58k), a species primarily 

known from middle Albian strata in the Potrero Forma- 

tion, near Arivechi, Sonora, Mexico (Gabb, 1869; King, 

1939). According to Carreno et al. (1989), the where- 

abouts of the type material of 7. mutabilis is unknown. 

The published illustrations are inadequate and unless to- 

potypic material becomes available, the name is a nomen 

dubium. The small amount of material at hand precludes 

a determination as to whether these three specimens rep- 

resent a small-sized species, or if they are just the tips of 

Tylostoma allisoni, sp. nov. Insufficient morphologic in- 

formation about these three specimens from the Alisitos 

Formation makes their generic and specific assignments 

uncertain. 

Tylostoma? garzana (Anderson, 1958) 

(Figures 8—10) 

Phasianella garzana Anderson, 1958:162, pl. 73, fig. 5. 

Diagnosis: Large Tylostoma? with shell inflated conical- 

elongate, spire wide and high, spire whorls flattish, last 
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Figures 8-13. Specimens coated with ammonium chloride. All natural size. Figures 8-10. Tylostoma? garzana (Anderson, 1958), 

holotype CAS 28311.02, CAS loc. 28311. Figure 8. Apertural view. Figure 9. Left-lateral view. Figure 10. Abapertural view. Figures 

11-13. Pictavia santana Squires & Saul, sp. nov., holotype LACMIP 8127, “narrows” of Silverado Canyon, Santa Ana Mountains, 

Orange County, southern California. Figure 11. Apertural view. Figure 12. Right-lateral view. Figure 13. Abapertural view. 

whorl rounded and smooth with growth lines weakly sin- 

uous. 

Description: Shell large (up to approximately 87 mm, 

estimated, in height), inflated conical-elongate, and thick. 

Shell height/shell diameter ratio approximately 2. Spire 

wide and high, approximately one-third of shell height. 

Pleural angle approximately 67°. Protoconch unknown. 

Teleoconch whorls six (estimated), smooth. Suture im- 

pressed. Spire whorls flattish. Last whorl convex, base 

rounded. Anomphalous. Aperture lenticular, radial, ap- 

proximately 56% of shell height; abapical end somewhat 

excavated and slightly recurved. Growth lines mostly or- 

thocline but prosocline on subsutural and basal areas, 

with greatest deflection on last-whorl periphery. 

Holotype: CAS 28311.02. 

Dimensions of holotype: Specimen of 4.5 whorls, 80.1 

mm height (upper spire missing), 44.2 mm diameter. 

Type locality: CAS loc. 28311. 

Geologic age: Late early to early late Maastrichtian. 

Distribution: Moreno Formation, ““Garzas Sand’’> mem- 

ber, Los Banos Creek, Merced County, northern Califor- 

nia. 
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Discussion: This species is known with certainty only 

from the holotype, which shows good preservation. An- 

derson’s illustration of it is highly misleading because, 

although it appears to be an apertural view, it is actually 

a left-lateral view with the aperture sketched in. The ho- 

lotype does not show any evidence of having any varix- 

like feature on the shell surface. Although this species is 

very similar in overall shape and size to most high-spired 

Tylostoma, the generic assignment is tentative because 

when compared to what is normally found on high-spired 

Tylostoma, the spire is wider, the growth line is more 

sinuous, and there is no evidence of varices. In addition, 

the abapical end of the aperture of 7.? garzana is slightly 

recurved. Attempts to find other, unequivocal specimens 

of this species in museum collections were unsuccessful. 

Elder & Miller (1993:15, 27, table 3) reported Phasi- 

anella garzana from the ‘“‘Garzas Sand’? member at 

UCMP loc. A-4991. A single specimen was found in the 

UCMP collection from this locality. The specimen is a 

poorly preserved steinkern of an incomplete, late-stage 

juvenile that shows no evidence of internal varices. Only 

a small remnant of its shell is present, but no growth-line 

information is evident. The aperture is also very poorly 

preserved, and the shell, which measures 57.8 mm in 

height, has been crushed. The specimen can only be ten- 

tatively assigned to 7.? garzana. 

Tylostoma? garzana is similar, especially in terms of 

overall shape and growth line, to Tylostoma miyakoense 

(Nagao, 1934:247—249, pl. 34, figs. 1-7; pl. 35, figs. 1, 

la—c; pl. 39, fig. 3; Kase, 1984:158—159, pl. 26, figs. 1— 

4), from upper Aptian to lower Albian strata of north- 

western Honshu, Japan (Kase, 1984). Tylostoma? garza- 

na differs from T. miyakoensis by having a slightly larger 

size, a slightly narrower pleural angle, and a very slight 

flexure in the growth line. 

Tylostoma? garzana is also similar to T. allisoni, sp. 

nov. but differs from the new species by having flatter 

spire whorls, a wider pleural angle, a less elongate teleo- 

conch, a narrower aperture, and no varix on the shell 

surface. 

Family uncertain 

Genus Pictavia Cossmann, 1925 

Type species: Natica pictaviensis d’Orbigny, 1850a, by 

original designation; Middle Jurassic (Bathonian), south- 

eastern France. 

Diagnosis: Shell medium-sized, elongate-oval conical, 

whorls convex and occasionally subtabulate, spire high, 

suture grooved to linear, umbilicus slitlike or obsolete, 

aperture tangential, columellar lip bent over umbilical 

area, umbilical slit open to concealed, growth lines pro- 

socline. 

Discussion: Cossmann (1925), Wenz (1941), and Cox 

(1965) placed Pictavia in family Naticidae. Kabat (1991: 

434) briefly mentioned that he did not consider Pictavia 

to be a naticid, and he opined that its familial placement 

is uncertain. 

Pictavia shows variation in the depth of its suture. 

Cossmann (1925) and Wenz (1941), who paraphrased 

Cossmann’s original description, reported a grooved su- 

ture for Picatavia. Pictavia pungens (Sowerby in Fitton, 

1836; Kollmann, 1978:175—-176, pl. 1, figs. 8-10), from 

middle Albian to lower Cenomanian strata of Austria 

(Kollmann, 1978), however, has a linear suture. The new 

species described below also has a linear suture, albeit 

slightly impressed. 

Pictavia also shows variation in the development of its 

umbilical slit. In Cossmann’s (1925) description of Pic- 

tavia, he mentioned that the columellar lip is bent over 

or wrapped around the umbilicus. He did not indicate that 

a visible umbilicus is invariably present. In published il- 

lustrations of species assigned by him to Pictavia, the 

umbilical slit ranges from clearly present to completely 

obscured (lacking?). Pictavia pungens, for example, men- 

tioned in the above paragraph, has a relatively well de- 

veloped, but short, umbilical slit. The Late Jurassic Pic- 

tavia clio (d’Orbigny, 1850a:353; 1850b:199, pl. 292, 

figs. 1, 2; Cossmann, 1925:pl. 5, fig. 9) has a long um- 

bilical slit. Pictavia pictaviensis (d’Orbigny, 1850a:264; 

1850b:191—192, pl. 289, figs. 8-10; Cossmann, 1925:pl. 

7, fig. 4; Wenz, 1941:fig. 2924), the type species, has an 

extremely narrow umbilical slit. The Early Jurassic Pic- 

tavia minuta (Terquem & Piette, 1865; Cossmann, 1925: 

pl. 4, fig. 19) has its umbilical slit essentially obscured 

by the slightly projecting inner lip. The Middle Jurassic 

Pictavia bajocensis (d’Orbigny, 1850a:264, 1850b:189, 

pl. 289, figs. 1, 3; Cossmann, 1925:pl. 5, figs. 22—23) 

apparently has no umbilical slit. The Middle Jurassic Pic- 

tavia lorierei (d’ Orbigny, 1850a:264; 1850b:190—191, pl. 

289, figs. 6, 7; Cossmann, 1885:pl. 16, figs. 36, 37) has 

no umbilical slit. The new species described below has 

no umbilical slit. 

Pictavia santana Squires & Saul, sp. nov. 

(Figures 11—13) 

Diagnosis: Shell medium-sized, moderately slender and 

elongate, last whorl with slight shoulder and slight basal 

angulation, inner lip with thin callus, and growth lines 

prosocline. 

Description: Shell medium-sized (up to 46 mm, estimat- 

ed, in height), elongate, moderately slender, and moder- 

ately thick. Shell height/shell diameter ratio approximate- 

ly 1.6. Spire high, approximately 31% of shell height. 

Pleural angle approximately 57°. Protoconch and upper- 

most spire unknown. Teleoconch whorls approximately 

six (estimated), smooth. Suture slightly impressed to in- 

dented. Spire whorls lowly convex. Last whorl rounded, 

with slight shoulder and indented suture, producing some- 

what subtabulate appearance; slight subangulation to 
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base. Last whorl approximately 53% of shell height. An- 

omphalous. Aperture elliptical, posteriorly constricted; 

tangential, at 45° angle to shell axis of coiling. Inner lip 

smooth and with moderately thin callus, adaxial margin 

well delineated; callus becoming faint adapically. Outer 

lip thin. Columella smooth. Growth lines prosocline. 

Holotype: LACMIP 8127. 

Dimensions of holotype: Specimen of four whorls, 

height 44.7 mm (uppermost spire missing), diameter 27.5 

mm. 

Type locality: Exact location unknown but at the “‘nar- 

rows”’ of Silverado Canyon, Santa Ana Mountains, Orange 

County, southern California, 33°44'38”N, 117°38’30"W. 

Geologic age: Late Turonian. 

Distribution: Ladd Formation, most likely Holz-Baker 

transition interval, Santa Ana Mountains, Orange County, 

southern California. 

Discussion: Only a single specimen is known of the new 

species, and it shows good preservation. Stratigraphic in- 

formation on the label accompanying the specimen indi- 

cates that it is from the lower Holz Shale Member of the 

Ladd Formation, Santa Ana Mountains. Based on the 

silty, very fine-grained sandstone matrix inside its aper- 

ture, it is most likely that the specimen is from the Holz- 

Baker transition interval at the base of the Holz Shale 

Member. This particular interval, as well as the immedi- 

ately overlying and underlying beds, are of late Turonian 

age (Saul, 1982, fig. 2). 

The new species is most similar to the Middle Jurassic 

Pictavia bajocensis (d’Orbigny, 1850a:264; 1850b:189, 

pl. 289, figs. 1, 3; Cossmann, 1925:pl. 5, figs. 22, 23), 

but the new species differs by having a narrower shell 

and more elongate last whorl. The new species is also 

closely similar to the Middle Jurassic Pictavia lorierei 

(d’Orbigny, 1850a:264; 1850b:190—-191, pl. 289, figs. 6, 

7; Cossmann, 1885:pl. 16, figs. 36, 37), but the new spe- 

cies differs by having a narrower and slightly higher 

spire, a more cylindrical and nontabulate last whorl, and 

an aperture with a rounded (rather than slightly project- 

ing) abapical end. 

Etymology: Named for the Santa Ana Mountains, 

Orange County, southern California. 

Genus Prisconatica Gabb, 1877 

Type species: Lunatia pedernalis Gabb, 1869, non Na- 

tica pedernalis Roemer, 1849, by original designation; 

Early Cretaceous (middle Albian), near Arivechi, Sonora, 

western Mexico. 

Diagnosis: Shell large, elongate ovoid to tear-drop, 

whorls overlapping and smooth, umbilicus small to ob- 

solete, aperture radial, columellar lip narrow and raised, 

growth lines generally prosocline. 

Discussion: Kabat (1991:435) reported Prisconatica to 

be of uncertain status, but he did not explain if he meant 

familial and/or generic status. We believe that only the 

familial placement is uncertain. Gabb (1877:277—278), in 

his study of some Peruvian Cretaceous fossils, named 

Prisconatica in order to include a number of Mesozoic 

naticoid species “‘characterized by being almost always 

of large size with very small, or entirely obsolete umbi- 

licus, and in having the columellar lip always thinly en- 

crusted.” 

When Gabb (1877) proposed the genus name Priscon- 

atica, he designated Natica pedernalis Roemer, 1849, as 

the type species but referred to the better figure of it in 

Gabb (1869:pl. 35, fig. 3). Most illustrations of Roemer’s 

species appear to be of steinkerns which do not show the 

external shape of the shell. They depict a large naticoid 

form with tabulate whorls and a moderate umbilicus, 

which does not agree with Gabb’s description of Priscon- 

atica as being elongate in shape with nontabulate whorls 

and a small to obsolete umbilicus. Gabb’s description 

agrees with his figure (Gabb, 1869:pl. 35, fig. 3) of Lun- 

atia pedernalis from the Potrero Formation near Arivechi, 

Sonora, Mexico. Gabb seems to have inferred that the 

addition of shell material to Romer’s steinkern would re- 

sult in a high spired (for a naticoid), elongate, nontabulate 

form with a small umbilicus. Stanton (1947), however, 

having compared many steinkerns from Texas, considered 

that the whorl profile of Lunatia? pedernalis (Roemer) 

was flattened posteriorly and that the specimen Gabb il- 

lustrated should be assigned to Lunatia? praegrandis 

(Roemer, 1849), on which the whorl profile is more even- 

ly rounded. Subsequent workers mentioning the fauna 

from the Arivechi area (e.g., King, 1939:1669) have re- 

ferred to either Lunatia praegrandis or L. pedernalis. 

Stanton’s revision of the identity of Gabb’s specimen 

Figures 14—22. Specimens coated with ammonium chloride. All from GSC loc. 103851, unless otherwise noted. 

Figures 14—22. Prisconatica hesperia Squires & Saul, sp. nov. Figures 14—16. Holytype RBCM.EH2003.003.0001, 

x. 0.9. Figure 14. Apertural view. Figure 15. Right-lateral view. Figure 16. Abapertural view. Figure 17. Paratype 

RBCM.EH2003.004.0001, <1, apertural view. Figures 18-19. Paratype RBCM.EH2002.015.0001, <1. Figure 18. 

Apertural view. Figure 19. Abapertural view. Figures 20, 21. Paratype RBCM.EH2002.014.0001, < 0.9. Figure 20. 

apertural view. Figure 21. Abapertural view. Figure 22. Paratype LACMIP 8128, LACMIP loc. 27199, <1, apertural 

view. 



from Arivechi would appear to make Natica praegrandis 

the type species of Prisconatica, but Gabb was clearly 

aware of both of Roemer’s species. When describing 

Prisconatica ovoidea Gabb, 1877, from Peru, he com- 

pared it to both Prisconatica pedernalis and Prisconatica 

praegrandis. If the large naticoid from the Potrero For- 

mation near Arivechi is neither Natica pedernalis Roe- 

mer, 1849 nor Natica praegrandis Roemer, 1849, then 

Gabb’s 1877 citation of Gabb, 1869:pl. 25, fig. 3 as a 

better figure of the type species of Prisconatica should 

make Lunatia pedernalis Gabb, 1869, non Natica ped- 

ernalis Roemer, 1849, the type species of Prisconatica. 

Genera that have been historically confused with Pris- 

conatica are Lunatia Gray, 1847, Natica Scopoli, 1777, 

and, to a lesser degree, Tylostoma. Although some work- 

ers (Wrigley, 1949; Akers & Akers, 1997) reported that 

Lunatia is a distinct or possibly distinct genus, many 

modern workers (e.g., Erickson, 1974) have followed 

Sohl (1960) and considered Lunatia to be congeneric with 

Euspira Agassiz in Sowerby, 1838. The type species of 

Euspira is Natica glaucinoides Sowerby, 1812, known 

from the Paleogene of France and England (Majima, 

1989), and Bandel (1999:150) advised that until the pro- 

toconch of this species is known, Euspira cannot be put 

into synonymy with Lunatia. Prisconatica differs from 

Lunatia and Euspira by having a tear-drop shape and no 

umbilical callus. In addition, shells of these other two 

genera are usually smaller than those of Prisconatica. 

Prisconatica differs from Natica by having a tear-drop 

shape, a narrower umbilicus with no funicle, no sculpture 

on the shell, and a much thinner inner lip callus. Pris- 

conatica differs from Tylostoma by having a tear-drop 

shape and, in most cases, an umbilicus, and by lacking 

varices. 

Pervinquiere (1912:46), who used the name Natica 

(Prisconatica) praelonga Deshayes in Leymerie, 1842, 

for an unfigured gastropod from Tunisia, is the only Old 

World worker to use Prisconatica. An illustration by 

d’Orbigny (1842:151-151, pl. 172, fig. 1), however, 

shows that Natica praelonga, which is primarily known 

from the Lower Cretaceous (Neocomian) of western Eu- 

rope and South America (Weaver, 1931) differs signifi- 

cantly from Prisconatica by having a shell with an elon- 

gate rather than a tear-drop shape, tabulate and non-over- 

lapping whorls, and a wide and deep umbilicus. Coss- 

mann (1925:53) reiterated Pervinquiere’s citation, but 

otherwise ignored the name Prisconatica. Wenz (1941: 

1021) wrongly reported Pervinquiere (1912) as the author 

of Prisconatica. Furthermore, he erroneously placed non- 

tabulate Prisconatica in synonymy with Pseudoamaura 

Fischer, 1885, which has strongly tabulate whorls, a deep- 

ly and prominently channeled sutural area, and a wide 

and prominent inner lip callus. 

The name Prisconatica praelonga was used also by 

White (1887:186, pl. 16, figs. 1-4) and Von der Osten 

(191957:585, pl. 65, fig. 8) for Cretaceous gastropods 
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from northeastern Brazil and for Early Cretaceous gastro- 

pods from Venezuela, respectively. Both of these so- 

called Prisconatica praelonga differ from Prisconatica 

by not having overlapping whorls nor a tear-drop shape. 

A search of the literature revealed certain naticid spe- 

cies that resemble Prisconatica, and they are discussed, 

in ascending stratigraphic order, in the following state- 

ments. Natica klingamanni Weaver (1931:374—375, pl. 

42, figs. 279, 280) from Middle Jurassic strata in central 

Argentina (Weaver, 1931), differs from Prisconatica by 

having a taller and narrower spire, a less inflated last 

whorl whose maximum convexity is located more ante- 

riorly, and an umbilicus represented by an elliptical area, 

rather than a long groove. Natica marcousana d’ Orbigny 

(1850a:59; 1850b:216—217, pl. 298, figs. 4, 5; Loriol & 

Cotteau, 1868:32—34, pl. 3, fig. 11) from Upper Jurassic 

strata in Yonne, France differs from Prisconatica by hav- 

ing spiral sculpture and a much thicker inner lip callus. 

Natica (Lunatia) omecatli Felix (1891:169, pl. 25, figs. 

1, la) from Lower Cretaceous strata near Puebla, Mexico, 

differs from Prisconatica by having a smaller shell, a 

narrower upper spire, a much less inflated last whorl 

whose maximum convexity is located more anteriorly, a 

smaller aperture, and a much smaller and much narrower 

umbilicus. Tylostoma globosum? Sharpe, reported and il- 

lustrated by Pervinquiére (1912:53, pl. 4, fig. 10) from 

lower Turonian strata in Tunisia, resembles Prisconatica 

but differs from it by having a narrower and apparently 

taller spire, a much less inflated last whorl whose maxi- 

mum convexity is located more abapically, a smaller um- 

bilicus, and a less projecting abapical end to the aperture. 

In addition, Globiconcha (Phasianella?) remondii Gabb 

(1864:114, pl. 19, fig. 69) from Cretaceous strata near 

Benicia, northern California, vaguely resembles Priscon- 

atica. Gabb’s species is known from only an imperfect 

cast, and he provided only a generalized line drawing of 

the outline of the specimen. Examination of a plastohol- 

otype in the LACMIP collection revealed that this gas- 

tropod differs from Prisconatica by having a shell with 

a moderately globose rather than a tear-drop shape, ap- 

parently tabulate to subtabulate whorls, and a carina just 

adapical of the midpoint of the last whorl. 

Prisconatica hesperia Squires & Saul, sp. nov. 

(Figures 14—22) 

Diagnosis: Prisconatica with spire becoming wider with 

increasing shell size, last whorl tear-drop shaped, umbi- 

licus usually narrow or obsolete, aperture comma shaped, 

and growth lines weakly sinuous. 

Description: Shell medium-sized (up to 90 mm, estimat- 

ed, in height), globose ovoid to tear-drop, smooth, and 

thick. Shell becoming more globose with growth: shell 

height/shell diameter ratio approximately 1.7 on juveniles 

and approximately 1.3 on late-stage adults. Spire narrow, 

slightly concave in profile, moderately low, becoming rel- 
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atively lower with growth: spire height approximately 

26% of total shell height on juveniles and approximately 

14% on late-stage adults. Pleural angle becoming wider 

with increasing shell size; approximately 62° on juveniles 

and up to nearly 90° on mature adults. Protoconch un- 

known. Teleoconch whorls about six, smooth. Suture ad- 

pressed? Whorls overlapping nearly half-way. Spire 

whorls flattish. Last whorl large, very inflated and tear- 

drop shaped; maximum convexity either medially or 

slightly anterior of medial point; base rounded. Umbilicus 

usually present, narrow but distinct, and very small or 

obsolete on some specimens. Aperture comma-shaped, 

posteriorly somewhat constricted; aperture height usually 

approximately 64% of shell height. Columella smooth. 

Columellar lip narrow, smooth, and raised relative to um- 

bilicus. Outer lip slightly tangential. Growth lines weakly 

sigmoidal on periphery of last whorl, slightly prosocline 

on remaining part of last whorl. 

Holotype: RBCM.EH2003.003.0001 [= VIPM 170]. 

Dimensions of holotype: Specimen of 3.5 whorls, height 

65 mm (upper spire missing), diameter 47 mm. 

Type locality: GSC loc. 103851, 49°11'45’N, 124°06’00’W. 

Paratypes: RBCM.EH2002.014.0001; ©RBCM.EH2002. 

015.0001; RBCM.EH2003.004.0001 [= VIPM 180]; and 

LACMIP 8128. 

Geologic age: Late Santonian/earliest Campanian to early 

Campanian. 

Distribution: UPPER SANTONIAN/LOWERMOST 

CAMPANIAN: Upper Haslam Formation at Brannen 

Lake, west of Nanaimo, along east side of Vancouver 

Island, British Columbia. LOWER CAMPANIAN: Fos- 

sils derived from lower Campanian part of Ladd Forma- 

tion (upper part of Holz Shale Member) and redeposited 

in lower upper (possibly middle) Campanian basal con- 

glomerate of Williams Formation, Schulz Member, Santa 

Ana Mountains, Orange County, southern California. 

Discussion: This species is known from 11 specimens: 

10 from the Brannen Lake site, upper Haslam Formation, 

and a single specimen from the Schluz Member (see be- 

low). The Haslam Formation material ranges in shell 

height from 35 mm (incomplete) to 85 mm (incomplete), 

and some of the specimens have been compacted. The 

largest specimen is shown in Figures 20, 21. Of the 10 

Brannen Lake specimens, five have an umbilicus, al- 

though the umbilicus on one of these specimens is very 

narrow and slitlike (Figure 17). Four of the Brannen Lake 

specimens have an obsolete umbilicus (e.g., Figure 18), 

and the remaining one is missing that part of the shell. 

An early adult specimen (Figure 22) of Prisconatica hes- 

peria was collected from LACMIP loc. 27199. This lo- 

cality equals locality F38 of Schoellhamer et al. (1981), 

which is plotted, on their geologic map, in the basal part 

of the lower upper (possibly middle) Campanian Schulz 

Member. It is likely that the specimen represents re- 

worked material from the underlying upper part of the 

lower Campanian Holz Shale Member (see Saul, 1982). 

This specimen has an umbilicus. 

Prisconatica hesperia is most similar to Prisconatica 

ovoidea Gabb (1877:278, pl. 39, fig. 7) from undiffer- 

entiated Cretaceous strata near Ollon, Cajatamba Prov- 

ince, central-coastal Peru, but the new species differs by 

having a much less inflated last whorl, whose maximum 

convexity is located more anteriorly, and an umbilicus. 

The new species is similar to Prisconatica pedernalis 

(Gabb, 1869:259—260, pl. 35, fig. 3), the type species of 

Prisconatica, but the new species differs by having a tall- 

er and narrower spire, nontabulate whorls, a less inflated 

last whorl, a smaller aperture, an umbilicus, and no pa- 

rietal callus. 

Prisconatica hesperia is somewhat similar to Lunatia 

pregrandis (Roemer, 1849:410; 1852, 42, pl. 4, figs. 6a, 

b; Stanton, 1947:65—66, pl. 51, figs. 1, 2; Akers & Akers, 

1997:157, fig. 151), most commonly found as steinkerns 

in lower Albian strata of central Texas. The new species 

differs from L. pregrandis by having a smaller shell, nar- 

rower upper spire, nontabulate whorls, a much less in- 

flated last whorl whose maximum convexity is located 

more anteriorly, a comma-shaped rather than an auriform 

aperture, and a narrower umbilicus. 

Etymology: Named for Hesperia, one of the Hesperi- 

des, or Nymphs of the Setting Sun, who lived in the ex- 

treme west near the ocean. 
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APPENDIX 

LOCALITIES CITED 

All quadrangle maps listed below are U.S. 

Geological Survey maps. 

3 CAS 28311. [= CAS 29116]. At large exposure of 

sandstone crossing Los Banos Creek, 2.4 km 

W of Bench Mark 307, middle of SW 1/4 of 

NE 1/4 of section 12, T. 11 S, R. 9 E, Orti- 

galita Peak NW Quadrangle (7.5 minute, 1969, 

provisional edition, 1984), Merced County, 

north-central California. Moreno Formation, 

““Garzas Sand’? member. Age: Late early to 

early late Maastrichtian. Collector: A. Benni- 

son, May, 1935. 

GSC 103851. Lower shale quarry, Dumont Road, 

southwest of Brannen Lake, just west of Na- 

naimo, British Columbia, Canada (approxi- 

mate coordinates 49°11'45”N, 124°06’00’W). 

Upper Haslam Formation. Age: Late Santoni- 

an/earliest Campanian. Collectors: G. Beard, 

Peter Bock, Tom Cockburn, and Dr. Joseph 

Haegert, 1982 to 2001. 

LACMIP 27199. Between Fremont Canyon and Oak 

Flat along a S fork of Fremont Canyon at 

about 567 m elevation, 107 m N and 320 m E 

of SW corner of section 7, T. 4S, R. & W, 

Black Star Canyon Quadrangle (7.5 minute, 

1949), northern Santa Ana Mountains, Orange 

County, southern California. Williams For- 

mation, Schulz Member. Age: Early late (pos- 

sibly middle) Campanian. Collectors: W. P. Po- 
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UCMP 

UCMP 

penoe & J. E. Schoelhamer. November 28, 

1951. [= loc. F38 in Schoellhamer et al., 

1981]. 
A-4491. Sandstone 76 m above base of ‘‘Gar- 

zas Sand,’’ middle E 1/2 of section 2, T. 8 S, 

R. 7 E, Bennett Valley, Orestimba Peak Quad- 

rangle (7.5 minute, 1955). Stanislaus County, 

north-central California. Moreno Formation, 

““Garzas Sand’? member. Age: Late early to 

early late Maastrichtian. Collector: D. F Col- 

lins, 1949. 

A-8317, Shore of Punta China, approximately 

2 km S of mouth of Rio de Santo Tomas, 

northwestern Baja California, Mexico; poorly 

sorted dark volcanic breccia overlying third 

caprinid limestone downward from the top of 

Punta China section. Alisitos Formation, upper 

member. Age: Late Aptian. Collector: E.C. Al- 

lison, early 1950s (see Allison, 1955:407, fig. 

1). 

UCMP 

UCMP 
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A-8321. Shore of Punta China, approximately 

2 km S of mouth of Rio de Santo Tomas, 

northwestern Baja California, Mexico; gray 

tuffaceous sandstone approximately 4 m strat- 

igraphically above lowest caprinid limestone 

= fourth such limestone downward from top 

of Punta China section. Alisitos Formation, 

upper member. Age: Late Aptian. Collector: E. 

C. Allison, early 1950s (see Allison, 1955:407, 

fig. 1). 

A-8331, Shore of Punta China, approximately 

2 km S of mouth of Rio de Santo Tomas, 

northwestern Baja California, Mexico; gray- 

green to brown tuffaceous siltstone approxi- 

mately 10 to 15 m stratigraphically above low- 

est exposures along south side of Punta China. 

Alisitos Formation, upper member. Age: Late 

Aptian. Collector: E. C. Allison, early 1950s 

(see Allison, 1955:407, fig. 1). 
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Observations on the Taxonomy and Range of Hesperarion Simroth, 1891 

and the Evidence for Genital Polymorphism in Ariolimax Morch, 1860 

(Gastropoda: Pulmonata: Arionidae: Ariolimacinae) 

BARRY ROTH 

Department of Invertebrate Zoology, Santa Barbara Museum of Natural History, 

Santa Barbara, California 93105, USA 

Abstract. A new terrestrial slug species, Hesperarion plumbeus, sp. nov., is described from Shasta County, Califor- 

nia. It differs from other species of Hesperarion in its leaden gray body color and in details of the reproductive system. 

The anatomy of Hesperarion mariae Branson, 1991, is redescribed, including the presence of a dart sac and long 

calcareous dart. Its range is extended to central western Oregon. Newly recorded localities for Hesperarion niger (Cooper, 

1872) document a wider range for the species in northern California. Auxiliary copulatory structures equipped with 

calcified darts in H. mariae and H. niger call into question the assignment of these and other ariolimacine taxa to 

Arionidae. Gliabates oregonius Webb, 1959, is probably not an ariolimacine slug but may be assignable to Milacidae. 

A hemiphallic condition reported in at least three species of Ariolimax is probably a genital polymorphism and not the 

result of apophallation. 

INTRODUCTION 

The western North American terrestrial slug taxon Hes- 

perarion Simroth, 1891, has been known to include three 

species, the type-species, Hesperarion niger (Cooper, 

1872); H. hemphilli (W. G. Binney, 1875), and H. mariae 

Branson, 1991. Over the past few years, I have accu- 

mulated new information on Hesperarion from several 

sources, including (1) a new species with an apparently 

restricted range in northern California; (2) extensions of 

known range and additional morphological data on H. 

mariae; (3) additional range information on H. niger in 

the Klamath/Siskiyou region; and (4) the presence of cal- 

careous darts in the reproductive system of at least some 

species. 

In describing the monotypic genus Gliabates, Webb 

(1959) compared its type-species, G. oregonius, to Hes- 

perarion hemphilli. Because the brief and incomplete 

original description gives the impression that G. oregon- 

ius might be congeneric with or similar to Hesperarion, 

and to rule out the possibility that G. oregonius was the 

same species as H. plumbeus, sp. nov., described below, 

I reviewed the evidence for such a relationship. Gliabates 

oregonius is probably not an ariolimacine slug but may 

be assignable to Milacidae. 

The presence in some apparently sexually mature spec- 

imens of the several species of Ariolimax Morch, 1860, 

of a diminutive male genital tract without the character- 

istic terminal copulatory organs has been attributed to 

apophallation—the bizarre sexual behavior in which at 

the end of copulation one slug chews off the penis of its 

mating partner. However, apophallation does not seem ad- 

equate to explain the observed hemiphallic condition 

(hemiphallic: with reduced, but not absent, male genita- 

lia), and I argue here that there may instead be an unrec- 

ognized genital polymorphism in at least three of the 

nominal taxa of Ariolimax. The resolution of this question 

is significant, because the reproductive biology of Ariol- 

imax species has been the topic of numerous studies and 

considerable theorizing (see Leonard et al., 2002). 

MATERIALS anD METHODS 

The following abbreviations are used: ANSP, Academy 

of Natural Sciences, Philadelphia; BR, author’s collec- 

tion, San Francisco, California; CAS, California Acade- 

my of Sciences, San Francisco; SBMNH, Santa Barbara 

Museum of Natural History; DEIX, collection of Deixis 

Consultants, Seattle, Washington; S-TNE reference col- 

lection of Shasta-Trinity National Forest, Redding, Cali- 

fornia. 

Species concept: Most land mollusk taxonomy over the 

past 60 or 70 years has been practiced ostensibly with 

reference to the ‘“‘Biological Species Concept’? (Mayr, 

1940)! or its immediate predecessors (e.g., Dobzhansky, 

1937; see, for example, Pilsbry, 1939:xiv). In practice, 

observations of presence or absence of interbreeding have 

rarely been attempted. More often, the judgment of what 

' “Species are groups of actually or potentially interbreeding 

natural populations, which are reproductively isolated from other 

such groups” (Mayr, 1940). For additional critiques of the con- 

cept, and reciprocal criticism of phylogenetic species concepts, 

see Wheeler & Meier (2000). 
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is a particular land snail or slug species has been based 

on degree of difference criteria and the distribution of 

character states through an array of specimens, or on oth- 

er circumstantial evidence of reproductive isolation such 

as differing genital morphology. 

For purposes of this report, a species comprises all the 

individual organisms predicted on the basis of available 

evidence to prove to compose a least inclusive monophy- 

letic unit recognized in a formal phylogenetic analysis. It 

is expected that upon such analysis this aggregation of 

individuals will conform to the species concept of Mish- 

ler & Theriot (2000), grouping together as a taxon be- 

cause of evidence of monophyly. The relevant evidence 

of monophyly is apomorphic character states. This defi- 

nition generates a hypothesis about the way such an anal- 

ysis will turn out. The result of a phylogenetic analysis 

is itself a hypothesis about the true historical relationships 

among its taxa. Because for most clades of North Amer- 

ican land mollusks, species-level phylogenetic analysis 

has not yet been performed, this is a “‘working”’ defini- 

tion. But I believe taxa thus recognized will prove the 

most useful units for estimates of biodiversity, ecological 

studies, conservation and management decisions, and oth- 

er end uses of taxonomy. 

The taxonomy of North American land mollusks in- 

herited from Pilsbry (1939-1948) and his successors in- 

cludes numerous subspecies, also recognized on degree 

of phenetic difference, subjectively judged.* There is no 

generally agreed-on rule regarding their formal taxonom- 

ic recognition, and for reasons articulated by Wilson & 

Brown (1953) there are unlikely to be any. I agree with 

proponents of phylogenetic species concepts (e.g., Mish- 

ler & Theriot, 2000; Wheeler & Platnick, 2000) that the 

least inclusive taxon in formal taxonomy should be the 

species, and that where they exist, well defined, diagnos- 

able “‘subspecies”’ should simply be called species. What 

is ““well defined’”’ remains a taxonomist’s judgment call, 

but arbitrary decisions on rank are less a factor than be- 

fore. With improved methods of study, many western 

North American taxa formerly ranked as subspecies have 

been shown to have attributes such as genital differences 

that mark them as species even under the Biological Spe- 

cies Concept (Roth & Miller, 1993, 1995). 

SYSTEMATICS 

ARIONIDAE Gray in Turton, 1840 

ARIOLIMACINAE Pilsbry & Vanatta, 1898 

Hesperarion Simroth, 1891 

Type species: Ariolimax niger Cooper, 1872, by original 

designation. 

2 «6 
* “Most subspecies are recognizably differentiated populations 

which are not considered sufficiently distinct to be called spe- 

cies” (Pilsbry, 1939:xiv). “In ambiguous situations it is ... ad- 

vantageous to treat allopatric populations of doubtful rank as 

subspecies” (Mayr, 2000:26). 

Figure 1. 

SBMNH 350346. Dorsal and right latero-ventral views. Length 

in alcohol 12.1 mm. 

Hesperarion plumbeus Roth, sp. nov., holotype, 

Ariolimacinae with body one-colored or maculated, 

without bands but often with scattered small spots or ro- 

settes of darker pigment. Pneumostome behind midpoint 

of mantle. Dorsum behind mantle keeled. Back and sides 

covered with network of impressed grooves. Foot fringe 

prominent, crossed by vertical stripes. Buccal and tentac- 

ular retractor muscles originating close together at rear 

margin of floor of lung. Retentor muscle absent. Epi- 

phallus slender throughout its length, inserting on domed 

or flattened summit of penis; penis containing a verge. 

Appendix sometimes present on lower part of atrium. 

Dart sac with single or multiple darts present or absent. 

Spermatophore produced. Internal shell a low-arched 

plate with off-center terminal nucleus. 

The genus ranges from Tillamook County, Oregon, to 

Orange County, California. Four species are known. 

Hesperarion plumbeus Roth, sp. nov 

(Figures 1, 2) 

Hesperarion, new species ““p’’ Roth & Sadeghian, 2003:45. 

Diagnosis: A small Hesperarion with body color pre- 

dominantly gray, not spotted; foot fringe lacking promi- 

nent stripes; verge teardrop-shaped; atrium with appen- 

dix; spermathecal duct long. 

Description: Extended length 1.5—2 cm. Body color lead- 

en gray in living specimens, grayish brown in alcohol, 

somewhat lighter on the sides and neck; lacking darker 

spots or rosettes of pigment. Mucus grooves very slightly 

darker than adjacent skin. Mantle of same ground color 

as rest of dorsum, with faintly darker mottling. External 

genital pore immediately posterior to right ocular tenta- 

cle. Foot fringe pale tan to gray, not obviously striped, 
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Figures 2-6. Figure 2. Hesperarion plumbeus Roth, sp. nov. Reproductive system, based on paratype SBMNH 350347. aa, atrial 

appendix; gp, external genital pore; pe, penis (opened to show verge); pr, penial retractor muscle; sp, spermatheca. Scale line = 2 mm. 

Figure 3. Hesperarion mariae Branson, 1991. Calcareous dart from reproductive system. BR 2383, Oregon: Lane County. Length 

approx. 2 mm. Figure 4. Hesperarion niger (Cooper, 1872) (?). Author’s sketch of dart sac and atrium; dorsal view, anterior to right. 

CAS 085856, California, Sonoma County: Stuart Canyon, along canyon trail, S side of Stuart Creek, E of Glen Ellen. a, atrium; bw, 

body wall of right side of animal; dl, dart extending close to genital pore; d2, additional darts farther back in sac; ds, dart sac; gp, 

external genital pore; pe, penis. Scale line = approx. 2 mm. Figure 5. Gliabates oregonius Webb, 1959. Original illustration of 

reproductive system of holotype in Webb collection (Webb, 1959:28, fig. 37) Scale line = 2 mm. Figure 6. Ariolimax columbianus 

(Gould in A. Binney, 1851) (?). Original illustration of reproductive system of Aphallarion buttoni Pilsbry & Vanatta, 1896 (Pilsbry & 

Vanatta, 1896:pl. 14, fig. 12). Size not stated in original. 

sometimes slightly darker for posterior 10% of length and 

anterior 10-15%. Sole uniform, light tan. Mantle about 

30% of length of preserved animal. Caudal mucus pore 

prominent. Medial row of dorsal tubercles slightly more 

prominent than remainder, colored like the rest or slightly 

lighter posteriorly, overhanging caudal mucus pore. 

Penis short, with swollen summit, containing teardrop- 

shaped verge, smaller than cavity of penis. Retractor mus- 

cle present; inserted at vertex of first hairpin bend of epi- 

phallus above summit of penis; strap-shaped. Vas defer- 

ens long, slender, convoluted near middle of its length. 

Atrium with small appendix, broad below, tapering to 

vermiform tip. Spermathecal duct inserting on atrium 

next to free oviduct, moderately long, upper 40% of 

length somewhat more slender than lower 60%; sperma- 

theca small, acorn-shaped. 

Type material: Holotype, SBMNH 350346, CALIFOR- 

NIA: Shasta County: Castle Creek, 1.3 km WNW of 

junction with South Fork Castle Creek, 41.153°N, 

122.406°W, D. Sager coll. 11 June 2000. 

Paratypes: SBMNH 350347, same locality and collec- 

tion data as holotype (1 specimen). BR 2348, Shasta 

County: Root Creek about 2.4 km NW of junction with 

Castle Creek, 41.163°N, 122.396°W, K. Piper coll. 12 

April 2000 (1). 

Remarks: Hesperarion plumbeus resembles H. niger 

(Cooper, 1872) in the presence of a broad-based but oth- 

erwise slender caecum on the atrium, opposite the inser- 

tion of the penis. The penis is proportionally shorter than 

that of H. niger and less blunt at the summit; the verge 

is teardrop-shaped rather than broadly conical. Hespera- 
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rion niger and H. plumbeus are sympatric in the region 

of Root Creek (see below under localities for H. niger). 

Hesperarion plumbeus could possibly be confused 

with an unnamed species of Prophysaon Bland & W. G. 

Binney, 1873, similar to P. coeruleum Cockerell, 1890, 

which is of similar size and coloration and occurs along 

some streams in extreme northern Siskiyou County, Cal- 

ifornia. In Prophysaon, however, the pneumostome is lo- 

cated anterior to the midline of the mantle and the tail 

lacks a prominent mucus pore. 

Etymology: Latin, plumbeus, made of lead, leaden. 

Hesperarion mariae Branson, 1991 

(Figure 3) 

Hesperarion mariae Branson, 1991:109-110, figs. 1, 2. 

Revised description: Extended length 3 cm. Body 

ground color light reddish gray, somewhat lighter on 

sides; with small, black ‘“‘spider-web”’ spots; spots some- 

times aligning along mucus grooves of flanks, but not 

joining in reticulation. Mantle of same ground color as 

rest of body. Head and cephalic tentacles somewhat dark- 

er than rest of body. Sole white, unmarked. Foot fringe 

prominent, crossed by alternating light and dark stripes. 

Internal shell a low-arched plate with off-center terminal 

nucleus; periostracal margins extending beyond calcified 

part of shell. Caudal mucus pit present. 

Penial retractor muscle strap-shaped, inserted at sum- 

mit of penis. Penis cylindrical, with blunt summit; con- 

taining a verge. Verge broadly conical, nearly filling cav- 

ity of penis. Atrium with thin-walled, capacious sac con- 

taining single long, curved, calcareous dart with sharp tip 

and slightly expanded base (Figure 3). 

Referred material: OREGON: Lane County: [Specific 

locality not stated], J. S. Applegarth coll. 9 January 1996 

(BR 2383; 1 specimen). Big Canyon Creek, 43.983°N, 

123.642°W, J. S. Applegarth coll. 26 July 1995 (BR 1900; 

1 specimen). Mouth of Big Canyon, 43.983°N, 
123.642°W, old log bridge, J. S. Applegarth coll. 25 Au- 

gust 1995 (BR 1893; 1). Douglas County: along S side 

of Footlog Creek, 43.642°N, 123.867°W, T. J. Frest, E. J. 

Johannes coll. 30 October 1998 (DEIX loc. 3945; 1 spec- 

imen) 

Branson (1991) described the new species Hesperarion 

mariae from two specimens collected at Cape Lookout, 

Tillamook County, Oregon (45.340°N, 123.992°W). On 

23 August 1997 I collected two specimens of H. mariae 

from under debris on the ground in Sitka spruce woods 

with sword fern and mixed shrub understory at the type 

locality. These specimens (BR 2027) were subsequently 

lost in a laboratory (actually, kitchen) accident, but not 

before I was able to compare them to the material from 

Lane County and establish that all the specimens were 

conspecific. 

Remarks: Although Branson stated that H. mariae was 
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“most closely related to’ Hesperarion hemphilli, his 

comparisons among the three nominal species were brief, 

especially with regard to the reproductive system anato- 

my that is diagnostic of species in Hesperarion (cf. Pils- 

bry, 1948). He made no reference to the presence of a 

dart sac or dart. Unless he overlooked it, the absence of 

dart apparatus in the type material of H. mariae may be 

developmental, as is suggested below for H. niger. 

Branson (1991:110, fig. 2) described and illustrated a 

peculiar downward deflection of the tail tip of the holo- 

type of H. mariae. This appears to be a preservational 

artifact. In some preserved specimens I have examined, 

the posterior end of the sole folds longitudinally into the 

caudal pore with the result that the tip turns slightly 

downward. Branson’s (1991:109) description of the body 

being “‘raised in a hump beneath the mantle”’ is another 

preservational artifact, sometimes seen in other Hesper- 

arion species as well. 

Hesperarion niger (Cooper, 1872) 

(Figure 4) 

Ariolimax niger Cooper, 1872:147, pl. 3, figs. E, 1-4. 

Hesperarion niger (Cooper), Pilsbry, 1948:723-—726. Roth 

& Pressley, 1983:73-77. Roth & Sadeghian, 2003:45. 

Revised description: Extended length 3-5 cm. Body 

blackish brown to reddish gray, somewhat lighter on the 

sides, with numerous small, irregular, black spots scat- 

tered over surface, some joining in oblique reticulation 

along mucus grooves of flanks. Mantle of same ground 

color as rest of body. Foot fringe tan to gray, vertically 

striped with black. Sole uniform, white to light tan, un- 

marked or with two longitudinal rows of black spots de- 

fining lateral zones. Internal shell a low-arched plate with 

off-center terminal nucleus; periostracal margins extend- 

ing beyond calcified part of shell. Caudal mucus pore 

prominent. Penis cylindrical, with blunt summit, con- 

stricted at base. Penial retractor muscle broad, strap- 

shaped, inserted at summit of penis. Verge broadly con- 

ical, much smaller than cavity of penis. Vas deferens 

long, slender, convoluted near middle of its length. Epi- 

phallus entering summit of penis, of uniform diameter 

throughout. Atrium containing three massive pilasters, 

with either appendix present at base, broad below and 

tapering to vermiform tip, or else or broad sac on right 

side, containing multiple, tusk-shaped calcareous darts. 

Free oviduct as long as or moderately longer than vagina. 

Revised distribution: Roth & Pressley (1983) reported 

H. niger from rockslides in the vicinity of Big Bar, Trinity 

County, California (40.741°N, 123.255°W), an extension 

of known range approximately 195 km from Williams, 

Colusa County, California. This was the northernmost ac- 

curately located locality known for the species at the 

time. However, in his original description of the species, 

Cooper (1872) had surmised that a specimen mentioned 

by Gould (1852), questionably from Oregon, might be 
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conspecific. The Oregon specimen may have been H. 

mariae, which is colored like some specimens of H. ni- 

ger. 

The following additional localities document a more 

extensive range for H. niger in northern California: Shas- 

ta County: Root Creek about 2.4 km NW of junction with 

Castle Creek, 41.163°N, 122.396°W, K. Johnson coll., 12 

April 2000 (S-TNF Derby H-4; 1 specimen). Reynolds 

Basin near Pit River Arm of Shasta Lake, 40.971°N, 

122.019°W, K. Johnson coll. 18 April 2000 (BR 2288; 1); 

19 April 2000 (S-TNF RE 112-4a; 1). Humboldt County: 

Whiting Ridge about 0.5 km SW of Pilot Creek head, 

40.675°N, 123.635°W, K. E. Schlick coll. 3 November 

1998 (BR 2129; 1). Glenn County: N face of Tool Cache 

Ridge above S Fork Elk Creek, 39.564°N, 122.646°W, 

U.S. Bureau of Land Management personnel coll. 6 April 

1999 (BR 2197; 1). 

Remarks: CAS 085856 (CALIFORNIA: Sonoma Coun- 

ty: Stuart Canyon, along canyon trail, S side of Stuart 

Creek, E of Glen Ellen, 38.368°N, 122.498°W, E. J. Kools 

coll. 10 December 1992; 1 specimen) conforms to the 

above description and largely to other literature accounts 

of the species, but instead of a broad-based but otherwise 

slender caecum on the atrium, opposite the insertion of 

the penis, it has a large atrial sac containing four or more 

tusk-shaped, hollow, calcareous darts (Figure 4). All ad- 

here by their bases to the interior wall of the sac. The 

most anterior dart extends almost to the exterior genital 

pore; it is slightly separated from the more posterior darts, 

which lie in a row farther back in the sac. 

Auxiliary copulatory structures equipped with calcified 

darts are known in Helicoidea, Gastrodontoidea, Ario- 

phantidae, Parmarionidae, Philomycidae, and Urocyclidae 

(Tompa, 1980; Gémez, 2001). This and the occurrence in 

H. mariae, above, are the first records of darts in taxa 

assigned to Arionidae. However, they also suggest that 

the traditional assignment (e.g., Pilsbry, 1948) of Arioli- 

macinae and diverse other western North American slug 

taxa to Arionidae may need re-examination. 

(?) Milacidae Ellis, 1926 

Gliabates Webb, 1959 

Type species: G. oregonia [sic] Webb, 1959, by mono- 

typy. 
In describing the monotypic genus Gliabates, Webb 

(1959:22—23, 28) compared its type-species, G. oregon- 

ius, to Hesperarion hemphilli. Because the brief and in- 

complete original description gives the impression that 

Gliabates oregonius might be congeneric with or similar 

to Hesperarion, and to rule out the possibility that G. 

oregonius was the same species as H. plumbeus, | re- 

viewed the evidence for such a relationship. 

The type-species of Gliabates Webb, 1959, is G. ore- 

The Veliger, Vol. 47, No. 1 

gonius Webb, 1959, described in the same paper.’ The 

type locality is OREGON: Lane County: east bank of 

Long Tom River, adjacent to Alderwood State Park, on 

road [= Oregon State Highway] 36, near Cheshire 

(44.190°N, 123.277°W). Webb (1959:22) compared sev- 

eral points of the anatomy of G. oregonius to Hespera- 

rion hemphilli. Although he stated, “the writer believes 

the retention of Hesperarion hemphilli (W. G. Binney) in 

Hesperarion is faulty,” he did not explicitly assign H. 

hemphilli to Gliabates. The new genus was therefore 

monotypic. 

Webb’s (1959:28) original figure of the genitalia of G. 

oregonius (reproduced here as Figure 5) shows a broad, 

blunt-topped penis inserting low on the atrium. A conical 

epiphallus much more slender than the penis inserts sub- 

centrally on the penial summit. A penial retractor muscle 

inserts on the penial summit adjacent to the epiphallus. 

The retractor muscle is narrow at its insertion, widening 

fanlike away from the penis. The cavity of the penis is 

divided internally into an upper and a lower part by a 

collar; the division is weakly marked externally by a faint 

constriction. The summit of the penial cavity bears a low, 

broad papilla. 

The atrium is large and apparently nearly filled by the 

thickened mediad wall through which the duct of the 

spermatheca opens into the atrial cavity. The spermatheca 

is ovoid, smaller than the penis, with a thick-walled stalk 

that is nearly as large in diameter as the spermatheca 

itself. The free oviduct is long and tubular. 

This genital morphology is similar to that of Milax 

Gray, 1855, of Milacidae; see, for example, Wiktor 

(1987:163-164, fig. 15). A broad, blunt-topped penis is 

characteristic of most species of Milax, although the over- 

all shape varies from species to species. The epiphallus 

in Milax is typically well differentiated from the penis. It 

is usually more slender than the penis, often strikingly so. 

Its shape varies, being cylindrical, conical, or club- 

shaped. The penial retractor muscle usually inserts adja- 

cent to the epiphallus. A papilla is present in the penis. 

The penis is sometimes divided by constrictions into two 

or more parts. The spermatheca varies in shape but its 

stalk is usually thick. 

Inside the atrium of Milax there are usually one or 

more “stimulators” of different shapes, often specific to 

a species (Wiktor, 1987:178). The stimulators originate 

on the atrial wall on the spermathecal, rather than the 

penial, side of the cavity, where Gliabates oregonius 

3 The original description of Gliabates is as follows: “‘Glia- 

bates, New genus: Approximating Hesperarion as typified by H. 

niger Cooper, but without a definite verge in the upper part of 

the penis below the insertion of a short epiphallus. Penis with 

upper and lower cavities formed by a lobeate [sic] collar-like 

suggestive of the organ of Allogona or Euchemotrema of the 

Polygyridae. Vagina and basal spermathecal duct expanded and 

perhaps eversile, but lacking accessory organs”’ (Webb, 1959:22; 

italics as in original). 
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shows a thickened atrial wall. In Milax the atrium is 

served by an atrial accessory gland; Webb (1959) did not 

report or illustrate any such gland in G. oregonius. 

No dart apparatus is present in G. oregonius (Roth, 

1996; G. R. Webb, written communication, 1990). Hes- 

perarion hemphilli differs from G. oregonius in having a 

large, conical verge that fills much of the penial sac and 

is asymmetrically grooved on one side. The penis is ovoid 

(Pilsbry, 1948:figs. 39la, 392a) or somewhat conical 

(CAS 029771, CALIFORNIA: Alameda County: Niles, 

now a district of city of Fremont, about 35.58°N, 

121.98°W, H. Hemphill coll.; 8 specimens). The epiphal- 

lus is relatively thicker, widening above its insertion on 

the penis so that the transition is not abrupt as in G. or- 

egonius. Hesperarion hemphilli is usually reported not to 

have an appendix on the atrium (and to differ in this 

respect from H. niger); but in CAS 029772 (CALIFOR- 

NIA: San Mateo County: Tunitas Canyon, 8 mi [12.8 km] 

S of Half Moon Bay, about 37.36°N, 122.39°W, W. H. 

Lange, Jr. coll. 5 March 1940; 1 specimen) the atrium 

bears a small, knoblike basal sac. Similarities of H. hem- 

philli to G. oregonius include a broad, thick-walled duct 

of the spermatheca and thickening of the atrial wall op- 

posite the penis. 

EVIDENCE For A HEMIPHALLIC, NOT 

APOPHALLATE, PHASE IN ARIOLIMAX 

Apophallation, the behavior in which one slug chews off 

the penis of its mating partner, has long been noted in 

species of Ariolimax (Heath, 1916; Mead, 1943; Pilsbry, 

1948; Leonard et al., 2002), although not always accu- 

rately reported (Reise & Hutchinson, 2002). It was first 

illustrated by Harper (1988). Apophallation has been in- 

voked to explain the presence, in some apparently sexu- 

ally mature specimens, of a diminutive male genital tract 

without the elaborate penis, verge, and epiphallus char- 

acteristically observed in the several species. However, 

apophallation, the traumatic severing of replete organs, 

does not seem competent to produce this incompletely 

phallic (but fully ““connected’’) condition. Here is a chro- 

nology of the intellectual development of the concept, 

followed by a critique and the evidence for male genital 

polymorphism. 

Chronology 

1896 Pilsbry & Vanatta (1896:348, ff.) described 

the new genus and species Aphallarion but- 

toni, based on specimens from Oakland, 

California, said to have characters as in 

Ariolimax but lacking a penis and penial 

retractor and instead having a small, short 

epiphallus. Their figure of the genitalia (op. 

cit.:pl. 14, fig. 12; reprinted by Pilsbry, 

1948:fig. 286K, and here as Figure 6) 

shows a simple lower male genital tract ex- 
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tending from the vas deferens to the base 

of the atrium, of almost uniform diameter 

except for a small swelling identified as the 

epiphallus (“‘Epi’’). 

1916 Heath (1916; quoted by Pilsbry, 1948:710— 

711) observed that about 5% of Ariolimax 

californicus Cooper, 1872, dissected in his 

classroom lacked a penis and in another 5% 

it was “abnormally undeveloped when 

compared with that of smaller individuals 

which had not yet reached sexual maturi- 

ty.’ He described the act of apophallation 

and the dissection of four individuals (two 

pairs?) that had engaged in (reportedly uni- 

lateral) copulation followed by apophalla- 

tion. 

Circa 1916 Heath and Pilsbry corresponded and agreed 

that Aphallarion represented individuals of 

Ariolimax that had undergone apophallation 

(Pilsbry, 1948:711). 

1941 Waste (1941:42—43) believed that Aphal- 

larion represented individuals of Ariolimax 

that had undergone apophallation and cited 

a 1939 letter from Pilsbry to that effect. 

Waste stated that he had dissected speci- 

mens from Oakland and found them all to 

be Ariolimax columbianus (Gould in A. 

Binney, 1851). He further stated that he had 

found apophallation (i.e., hemiphallic indi- 

viduals?) in A. californicus in which ‘‘the 

abnormality greatly resembles Pilsbry’s 

[sic] figure (except for specific differences 

in the penile retractor).”’ 

1943 Mead (1943) accepted apophallation as the 

explanation for the condition described in 

Aphallarion buttoni.t He found normal 

specimens of A. columbianus at Oakland, 

co-occurring with hemiphallic individuals 

and concluded that Aphallarion buttoni rep- 

resented apophallated A. columbianus. 

1948 Pilsbry (1948:706—711) repeated the syn- 

onymy of Aphallarion with Ariolimax and 

of Aphallarion buttoni with Ariolimax col- 

umbianus and quoted text from Heath and 

Mead supporting apophallation as the ex- 

planation for hemiphallic individuals. 

Discussion 

Apophallation, as described by Heath (1916) and Le- 

onard et al. (2002) and illustrated by Harper (1988) would 

not directly produce a configuration such as that shown 

by Pilsbry & Vanatta (1896) for Aphallarion buttoni. In 

4“*Apophallation alone accounts for most of the differences 

which Pilsbry and Vanatta found’’ (Mead, 1943:685). 
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that figure, the lower male genital tract extends without 

interruption from the branching off of the vas deferens 

from the oviduct to its insertion on the lower atrium, near 

the external genital pore (Figure 6). Apophallation would 

produce an unfilled gap from somewhere upstream from 

the epiphallus to near the external genital pore; all the 

structures contained in the everted penis (see Mead, 1943: 

pl. 2, fig. 12) would have to be severed for the penis to 

come away free. 

The drawing of Aphallarion buttoni instead resembles 

an intact individual (probably of A. columbianus, as Mead 

diagnosed based on other features of the anatomy, and as 

the known distribution of A. columbianus tends to con- 

firm) that has not attained the usual replete condition of 

the lower male sperm-delivery organs. Reproductive 

ductwork in pulmonate land mollusks starts out as simple 

slender tubes that only later in ontogeny develop their 

various elaborations. However, the rest of the reproduc- 

tive system in the figure of A. buttoni looks like that of 

a sexually mature individual. 

The original lot of slugs from Oakland that Pilsbry and 

Vanatta received from E L. Button still exists at the Acad- 

emy of Natural Sciences, Philadelphia (ANSP A7039) 

and contains 58 specimens (Paul Callomon, personal 

communication, 2002). It is not clear that Pilsbry and 

Vanatta dissected more than one specimen. All other au- 

thors have found Ariolimax specimens from Oakland to 

be A. columbianus, and it is possible that some proportion 

of the specimens in this original lot, if dissected, would 

prove to have the usual columbianus genitalia. 

Heath’s (1916) report of dissecting apophallated A. cal- 

ifornicus does not make sense. He reported the position 

of the severed allo-penis lodged in the female tract of the 

recipient (interestingly, with its end in the bursa copula- 

trix), where it was held tightly by what probably was the 

intrinsic muscle of the vagina.. Then he stated that “in 

the other two specimens the penis was wholly absent, and 

the vas-deferens extended to the genital pore” (emphasis 

supplied). But this description must pertain to the auto- 

penes of the dissected specimens that contained the sev- 

ered penes—not to the apophallated individuals. In other 

words, the non-apophallated individuals had genitalia re- 

sembling the figure of Aphallarion buttoni. Heath himself 

reported that copulation was non-reciprocal—so these in- 

dividuals might not have everted their penis in that cop- 

ulation, even if they had had one to evert. We thus have 

reports in both A. columbianus and A. californicus of in- 

dividuals with small, simple, lower male ducts. And in 

A. californicus, at least, such individuals engage in cop- 

ulation. 

There is evidence that Ariolimax dolichophallus Mead, 

1943, may also have a similar hemiphallic configuration. 

“The walls of the oviduct were in a high state of contraction” 

(Heath, 1916); what Heath referred to as the proximal section of 

the oviduct, more recent terminology would call the vagina.. 
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Mead (1943:685) quoted A. G. Wetherby (author of an 

unavailable species-name, “‘Ariolimax columbiana var. 

hecoxi’’) to the effect that he had seen specimens from 

Santa Cruz, California, with genitalia like those of Aphal- 

larion buttoni. The only species known to occur at Santa 

Cruz is A. dolichophallus (Mead, 1943; Leonard et al., 

2002), so that must have been the species that Wetherby 

had. 

Another reason to think that the hemiphallic state is 

not simply the juvenile condition in Ariolimax is Heath’s 

report in a letter to Mead (quoted by Mead, 1943:685) of 

a sample of over 400 (!) specimens from Hog Island, 

Tomales Bay, Marin County, California, in which all of 

the specimens lacked a penis. It seems unlikely that the 

entire population of a perennial species would consist of 

juveniles. (Mead later visited Hog Island and found no 

slugs.) But it is plausible that an isolated population on 

a small island could be monomorphic for one state of a 

genital polymorphism, either from founder effect or, if 

the character is labile, from conditions that favored an 

extreme ratio of hemiphallic to phallic individuals. 

The above considerations suggest that in at least three 

taxa of Ariolimax there are individuals that never develop 

replete lower male reproductive structures. They may en- 

gage in sexual encounters (although whether functioning 

as sperm donors as well as sperm recipients is not clear). 

In certain circumstances, a hemiphallic phase may be pre- 

dominant in a population. 

It does not seem likely that hemiphallic specimens rep- 

resent individuals that have been apophallated and re- 

grown male organs. The diminutive male genital tracts of 

hemiphallic specimens are smaller than the ducts that 

would be left behind after apophallation. Observations by 

Brooke L. W. Miller have indicated that apophallated 

male genitalia do not grow back, at least within a year 

(Miller, personal communication, 2003; and http:// 

www.biology.ucsc.edu/grad/weavert/). 

Although apophallation has been observed in A. cali- 

fornicus and A. dolichophallus, | have not located any 

observations of the same behavior in A. columbianus. If 

it does not happen in that species, then it cannot be the 

cause of hemiphallic individuals such as those on Hog 

Island or in Oakland. 

Over 99% of euthyneuran gastropods are hermaphro- 

dites, but a few stylommatophoran pulmonates have gen- 

italia in which the male system is absent (aphally) or 

greatly reduced (hemiphally) (Tompa, 1984; Heller, 

1993). Phallic polymorphism occurs in a few groups, in- 

cluding valloniid snails (Vallonia Risso, 1826; Gerber, 

1996), pupilloid snails (Columella Westerlund, 1878: 

Pokryszko, 1987a; Vertigo Miller, 1774; Pokryszko, 

1987b, 1990), agriolimacid slugs (some species of Der- 

oceras Rafinesque, 1820; Pilsbry, 1948), and gastrodontid 

snails (Zonitoides Lehmann, 1862; Watson, 1934; Jor- 

daens et al., 2001). The distribution and genetics of this 

type of polymorphism are the focus of considerable re- 
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search (Backeljau et al., 2001). It is tempting to speculate 

that, were it not for the drama of apophallation behavior, 

the observations of genital configurations in Ariolimax 

cited above would have been interpreted simply as an- 

other instance of phallic polymorphism in a pulmonate 

group. 

The hypothesis of male genital polymorphism in Ariol- 

imax can be tested by dissection of samples known not 

to have engaged in apophallation. Alternatively, and more 

appealing because it involves less sacrifice of specimens, 

it may be possible to inject an “‘erecting’’ hormone 

(APGWamide) that causes slugs to evert their genitalia 

(Brooke L. W. Miller, personal communication, 2002). 
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Abstract. In this study, the prodissoconch and developmental mode of the bivalve Barbatia bailyi are described for 

the first time. Barbatia bailyi has a large and unusual “‘hat-shaped”’ prodissoconch, a form which has appeared only in 

scattered reports in the literature. Based on observations of live and preserved specimens, this prodissoconch morphology 

is linked to a non-planktonic, brooded larval developmental mode. This prodissoconch morphology appears in at least 

two other undescribed species in the genus Barbatia (subgenus Acar), suggesting that brooded development may be a 

frequent occurrence in this subgenus. 

INTRODUCTION 

The morphology of the larval shell, or prodissoconch, can 

be used to infer important characteristics of bivalve larval 

development (e.g., Ockelmann, 1965; Jablonski & Lutz, 

1980, 1983; Lutz et al., 1980; O’Foighil & Graf, 2000; 

Malchus, 2000; Malchus & Steuber, 2002). In general, 

the presence of a distinct prodissoconch II which has 

prominent commarginal striae indicates that larvae feed 

in the plankton (that is, they are planktotrophic), while 

the absence of a distinct and separate prodissoconch II 

suggests that larvae are non-planktotrophic (Ockelmann, 

1965; Carriker & Palmer, 1979; but see O Foighil, 1986). 

Because the length of larval development and hence the 

dispersal potential of marine species is associated with 

larval developmental mode (e.g., Thorson, 1950; Jablon- 

ski & Lutz, 1983; Strathmann, 1985), the prodissoconch 

morphology of bivalves can provide valuable clues about 

the dispersal and early life history ecology of species 

when the larvae have not been directly observed. This 

has proven particularly valuable for groups that are dif- 

ficult to sample, such as bivalves from deep-sea hydro- 

thermal vents, subterranean caves, and the fossil record. 

To accurately infer larval developmental mode from 

the morphology of the prodissoconch, it is first necessary 

to draw specific connections between prodissoconch mor- 

phology and larval development in living species. In 

some cases this has been difficult because prodissoconch 

descriptions are much more common and easily obtained 

than observations of larval development. One example is 

a type of prodissoconch reported from several bivalve 

species that is unusual both in its shape and its large size. 

In recent publications, Kase & Hayami (1992, 1993) and 

Hayami & Kase (1996) describe a “‘huge hat-shaped Pd 

I” on specimens of a newly described arcid species, Ben- 

tharca decorata, from an unusual cave fauna in the Oki- 

nawa Islands of southern Japan. Three other unidentified 

bivalve species (placed in the taxa Cosa, Propeamussi- 

idae, Limatula) from the same fauna also had similar 

prodissoconchs, and another such prodissoconch was de- 

scribed by Barnard (1964:372) on a specimen of “‘Arca 

(Acar) plicata”’ trom South Africa. Kase & Hayami 

(1993) suggested that the prodissoconch shape of Ben- 

tharca decorata indicates non-planktotrophic develop- 

ment and probably parental incubation of juveniles, but 

because living specimens of this species had not been 

collected, this relationship could not be directly demon- 

strated. 

In this study, the prodissoconch and developmental 

mode of the bivalve Barbatia (Acar) bailyi (Bartsch, 

1931) are described for the first time. Based on obser- 

vations of living and museum specimens of B. bailyi, its 

unusual “‘hat-shaped”’ prodissoconch, similar to that de- 

scribed above for several other species, is linked to a non- 

planktonic, brooded larval developmental mode. Like- 

wise, this prodissoconch appears in at least two additional 

undescribed species in the genus Barbatia, suggesting 

that this type of development may be much more wide- 

spread in the family Arcidae than previously known. 

Barbatia (Acar) bailyi is a member of the bivalve fam- 

ily Arcidae, a large family with a worldwide tropical and 

subtropical distribution that contains several genera and 

subgeneric groupings. In the eastern Pacific, the subgenus 

Acar Gray, 1857, ranges from southern California to Peru 

(Olsson, 1961). Very little is known about the biology 

and taxonomy of B. bailyi, which is a small and incon- 

spicuous species. Compared to other arcids, B. bailyi is 

not abundantly represented in museum collections (per- 

sonal observation) and is not mentioned in Olsson’s 

(1961) compendium of Panamic-Pacific pelecypods. The 

name Barbatia (Acar) bailyi was first applied by Bartsch 

(1931) who described the species based on collections by 
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Figure 1. Numerous Barbatia bailyi on the bottom of a rock that was partially buried in coarse sand at the approximately O tide mark 

just south of Newport Beach, Orange County, California. Arrows are pointing to three representative specimens; there are approximately 

20 individuals on the rock. Clams are weakly attached to the rock by byssal threads. 

A. M. Strong from Balboa, California. This morpholog- 

ical description unfortunately contains few characteristics 

that can be used to distinguish among B. bailyi and other 

similar arcids with potentially overlapping ranges, partic- 

ularly the more abundant and somewhat less cryptic Bar- 

batia (Acar) gradata (Broderip & Sowerby, 1829). These 

two species often appear intermixed in museum collec- 

tions along with Arcopsis solida (Sowerby, 1833) prob- 

ably due to the small size and superficial morphological 

similarity of all three species. The range extent of B. bai- 

lyi is at present unclear; museum specimens from as far 

south as Panama have been identified to this species. 

Though the northern limits of B. bailyi are not currently 

well established, its presence in Orange County, Califor- 

nia (Bartsch, 1931 and herein) makes B. bailyi the eastern 

Pacific arcid with the northernmost distribution of any 

species in the family. 

Microscopic examination of live-collected specimens 

of Barbatia bailyi as well as specimens from the Los 

Angeles County Museum of Natural History (LACM); 

the United States National Museum of Natural History, 

Smithsonian Institution (USNM); and the Naturhisto- 

risches Museum Basel (NMB) revealed that this species 

has a very large and unusually shaped prodissoconch that 

can readily be used to distinguish among shells of B. bai- 

lyi and other species of arcids, and is correlated with 

brooding of larvae to metamorphosis within the mantle 

cavity of adults. 

METHODS 

Live Collections 

Live Barbatia bailyi were collected on 4 November 

2001 and 3 March 2002, just south of Newport Beach, 

Orange County, California, close to the type locality as 

described by Bartsch (1931) (“Balboa, Calif.”’). Speci- 

mens were found near the low-tide mark, attached by bys- 

sal threads to the undersides of rocks that were partly 

buried in coarse sand (Figure 1). The clams were patchily 

distributed, occurring in small groups on the undersides 
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of some rocks (Figure 1) and absent from other adjacent 

rocks. Animals were brought back live to the laboratory, 

opened, and gonads were examined under a dissecting 

microscope. The umbones of the shells of each individual 

collected were examined to observe the prodissoconch 

morphology. Shells with intact and clean prodissoconchs 

were dried at room temperature for later scanning elec- 

tron microscopy. 

Museum Specimens 

Specimens labeled “Barbatia bailyi” or “Acar bailyi”’ 

were examined from the LACM and USNM. Other spec- 

imens from vials of mixed bivalve specimens labeled as 

““Arcidae,”” but morphologically similar to B. bailyi, were 

examined from collections from NMB. Specimens that 

were examined from the LACM collections included sites 

at San Onofre, Laguna Beach, Point Vincent and La Jolla 

(California), San Martin Islands (Baja California, Mexi- 

co), and the Gulf of Chiriqui (Panama). Collection local- 

ities from USNM included Balboa Beach (California) and 

Gulf of Chiriqui (Panama). The collection locality from 

NMB was Edo Carabobo (Venezuela). 

Scanning Electron Microscopy 

Specimens were prepared for scanning electron mi- 

croscopy (SEM) by manually removing visible dirt and 

dust from the prodissoconch region with a soft paint 

brush, then attaching shells to carbon-adhesive tabs on 

SEM stubs with the prodissoconch oriented upward and 

parallel to the surface. Umbonal areas of shells were then 

examined on a Jeol JSM 6300 scanning electron micro- 

scope operated at 15 kV, and images were digitally re- 

corded. 

RESULTS 

Prodissoconch Morphology 

The prodissoconch of the Californian Barbatia bailyi 

is extremely large (396—410 wm in height) and has an 

unusual inflated, hatlike shape (Figure 2a). It is charac- 

terized by a tall peak rising at the umbonal end with a 

distinctive apical dimple, stellate uneven ribs descending 

from the raised apex, and a thick, distinct marginal lip 

which sets the prodissoconch apart from and higher than 

the dissoconch (Figure 2b). All Californian museum spec- 

imens, including specimens from the topotypic lot 

(USNM 347810), had similarly shaped prodissoconchs. 

Of the specimens collected live from close to the type 

locality, approximately 50% had well preserved prodis- 

soconchs. The prodissoconchs of these animals were 

identical to those pictured in Figure 2b. 

Specimens from tropical America (Gulf of Chiriqui, 

Panama, and Edo Carabobo, Venezuela) were similar in 

prodissoconch shape to Californian specimens. However, 

compared to Californian specimens, prodissoconchs from 

these regions were considerably smaller (250-260 pm) 

and lacked the dimple at the apical tip (Figures 3a, b; 4a, 

b). These prodissoconchs were very similar both in size 

and shape to the larval shells preserved inside the body 

of one adult specimen (LACM 35-88) from the Gulf of 

Chiriqui, Panama that was preserved with the valves 

complete (Figure 5a, foot and body musculature re- 

moved). The larval shells were abundant inside the man- 

tle cavity of the adult animal (Figure 5b), and based on 

size (210—250 ym, close to the prodissoconch heights of 

adult specimens), these brooded larvae were close to 

metamorphosis. In Figure 5c the well preserved surfaces 

of the larval shells can be seen to have a pitted surface 

over most of the apex, and stellate irregular ribbing run- 

ning from the base of the peak to the edge of the shell. 

In Figure 5d, the thickness of the prodissoconch lip can 

be clearly seen. 

Spawning of Live Specimens 

Based on observations of the gonads and spawning be- 

havior of live-collected specimens of Barbatia bailyi, this 

species broods larvae in the mantle cavity to a stage at 

or close to metamorphic competence. Several females had 

very enlarged gonads that contained large white oocytes 

visible through the gonadal wall. One female had 

spawned recently and contained approximately 50 eggs 

that were free-floating in the mantle cavity. Spawned eggs 

had no visible envelope or coat and were round, white, 

and extremely large; the two longest diameters of 15 mea- 

sured eggs averaged 216.8 + 5.9 (SD) and 211.2 + 5.2 

zm. Over the course of 48 hours of observation, eggs 

underwent the first three cleavages, which were spiral and 

unequal. 

DISCUSSION 

The larval shell of Barbatia bailyi lacks a prodissoconch 

II, suggesting that larvae of this species are non-plank- 

totrophic. However, its inflated, hatlike shape is unusual 

among bivalves and therefore its relationship to larval 

development is difficult to interpret without further infor- 

mation. The presence of well developed shells of mature 

larvae in the mantle cavity of a preserved museum spec- 

imen, and the very large size and retention within the 

mantle cavity of the eggs spawned by a female in a live 

Californian specimen, are strong evidence that this un- 

usual, hat-shaped prodissoconch morphology is associat- 

ed with brooded larval development as suggested by Kase 

& Hayami (1993). These observations of brooded larvae 

and eggs represent one of the first direct observations of 

brooded development in the family Arcidae. 

Additional evidence suggests that this type of devel- 

opment may be relatively widespread within the Acar 

clade. First, the size of the prodissoconch differed greatly 

(by > 100 pm in length) between the Californian speci- 

mens of B. bailyi and the Central American nominal B. 
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Figures 2-4. Figure 2a. Specimen of Barbatia bailyi from the Strong Collection from southern California, USNM 347810. Figure 2b. 

Prodissoconch of same. Shell length = 3.0 mm; prodissoconch height = 397 ym. Figure 3a. Specimen of “‘Barbatia bailyi” from the 

Pacific side of Central America (Gulf of Chiriqui, Panama), USNM 739582. Figure 3b. Prodissoconch of same. Shell length = 4.2 mm; 
prodissoconch height = 260 jm. Figure 4a. Barbatia (Acar) specimen from the tropical Western Atlantic (Edo Carabobo, Venezuela), 

NMB 17675. Figure 4b. Prodissoconch of same. Shell length = 3 mm; prodissoconch height = 230 pm. 
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Figure 5. a. “Barbatia bailyi”’ from Central America (Gulf of Chiriqui, Panama), LACM 35-88, opened with foot and body musculature 

removed; the interior of the mantle lining is still present and contains numerous shells of larvae. Adult shell length = 11 mm. b. View 

of larval shells inside mantle lining. Scale bar = 180 wm. c. Close-up of a single larval shell from inside the mantle cavity. Shell length 

= 240 um d. View of the thickened lip of one larval shell specimen. Scale bar = 60 pm. 

bailyi, suggesting that these may be two separate species 

with similar development but dramatically different sizes 

at metamorphosis. Alternatively, different prodissoconch 

sizes could represent divergent developmental modes 

within a single species, a possibility which could be ex- 

plored through molecular phylogenetic analysis of nom- 

inal B. bailyi from different regions. 

Second, an ongoing broad survey of prodissoconch 

morphology in the arcid bivalves (Moran, in preparation) 

has uncovered specimens from two sites in the Caribbean 

that also have hat-shaped prodissoconchs similar in shape 

and size to the central American nominal B. bailyi. One 

of these two specimens is from Venezuela (labeled ‘*Ar- 

cidae,’ NMHB 17675) and the other is from Antigua 

(labeled Arca imbricata, USNM 501720). Both have 

adult shells with the raised adductor muscle scars typical 

of the Barbatia (Acar) subgeneric grouping (Olsson, 

1961). Because other described species in the subgenus 

Acar from the Caribbean have planktotrophic develop- 

ment (Moran, in preparation), it is likely that these spec- 

imens represent an undescribed species of Acar in the 

western Atlantic. These western Atlantic specimens are 

very similar in prodissoconch morphology and size (228 

and 236 wm height) to the nominal B. bailyi from the 
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eastern Pacific of Central America, so it is possible these 

represent a new pair of “‘geminate’’ species within the 

Arcidae. 
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Abstract. The reproductive cycle of the New Zealand geoduck, Panopea zelandica (Quoy & Gaimard, 1835), was 

studied over a 22 month period at two sites in northern New Zealand: Kennedy Bay, Coromandel, and Shelly Bay, 

Wellington. Standard histological analysis, measures of oocyte diameters, and gonadosomatic indices (GSIs) were used 

to describe the timing of gametogenic development and spawning. Sex ratios and size at sexual maturity were also 

assessed for both populations. Gametogenesis in both populations began in late autumn, with spawning beginning during 

spring in Kennedy Bay and in late summer in Shelly Bay. The difference in the timing of spawning was attributed to 

latitudinal gradients in temperature as both populations spawned when water temperatures reached 15°C approximately. 

Monthly mean oocyte values and GSIs closely followed the patterns evident in the histological analysis of the repro- 

ductive cycle. However, monthly mean number of eggs/follicle indicated that a small amount of spawning may begin 

earlier than indicated by histology. Sex ratios were equal in Shelly Bay, but there were significantly more males than 

females in Kennedy Bay. This was attributed to a large cohort of small males present in Kennedy Bay. Males in both 

populations matured earlier than females. Whether geoducks are protandric or the sexes have different growth needs to 

be investigated. The data presented here suggest that GSIs may be of use to marine farmers wanting a quick and easy 

method for assessing the reproductive state of potential broodstock. 

INTRODUCTION 

Fisheries for the geoduck, Panope abrupta (Conrad, 

1849), in northwest America began in the 1970s (Shaul 

& Goodwin, 1982). It is now the most important clam 

fishery on the Pacific Coast (Campbell et al., 1998). The 

average annual ex-vessel value of geoducks harvested 

from 1990 to 1998 in Puget Sound, Washington, was 

US$14 million (Hoffman et al., 2000). By 1995, the Brit- 

ish Columbian fishery had grown to a value of C$42.5 

million (Hand et al., 1998). A small experimental fishery 

for the native New Zealand geoduck, P. zelandica (Quoy 

& Gaimard, 1835), began in 1988. However, this was 

restricted to one operation in one part of Golden Bay, 

Nelson (Breen et al., 1991). The fishery was closed in 

the early 1990s. Because of the large markets that exist 

throughout Asia for the North American geoduck, there 

has been renewed interest in commercially exploiting P. 

zelandica, either through natural harvesting or aquacul- 

ture. 

Investigation of the seasonal reproductive cycle of any 

marine bivalve is essential for developing management 

strategies for potential fisheries (Shaw, 1965; Manzi et 

al., 1985; Sbrenna & Campioni, 1994), and for the de- 

velopment of aquaculture, as the successful hatchery- 

rearing of a species is dependent on a solid knowledge 

of the reproductive cycle of potential broodstock. Except 

for the preliminary work of Breen et al. (1991), nothing 

is known of the reproductive biology of this species. 

Traditionally, histological techniques are the most re- 

liable method of determining reproductive development 

(Eversole et al., 1980; Manzi et al., 1985; Hooker & 

Creese, 1995; Gribben et al., 2001). Histological sections 

can be used for both qualitative and quantitative analysis 

of gametogenic development, typically using measures of 

oocyte size (e.g., Kennedy & Battle, 1964; Heffernan & 

Walker, 1989; Kanti et al., 1993; Gribben et al., 2001). 

Often, however, marine farmers and fisheries managers 

require the development of quick methods for determin- 

ing the reproductive state of broodstock. Gonadosomatic 

Indices (GSIs) have been used with some success in de- 

termining the reproductive state of bivalves when com- 

pared with histological stagings (e.g., Ansell et al., 1980; 

Eversole et al., 1984; Fritz, 1991). Generally, GSIs that 

utilize wet-weight and dry-weight ratios are the simplest 

and quickest to compile. 

This paper describes the reproductive cycle of the geo- 

duck, P. zelandica, from two populations separated lati- 

tudinally by ~ 600 km in northern New Zealand using 

histological techniques. The timing of reproductive de- 

velopment and spawning has also been identified. Anal- 

ysis of oocyte diameters from the histologically prepared 
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Figure 1. Maps showing the location of the two study populations, where geoducks were collected for reproductive analysis from 

June 1990 to March 2001. Black boxes in Kennedy Bay (B) and Shelly Bay (C) indicate areas where geoducks were collected. 

slides was also used to quantify the reproductive devel- 

opment of female geoducks in both populations. The use 

of GSIs (wet weight and dry weight ratios) as quick and 

adequate descriptors of reproductive condition was also 

investigated. Additional information on size at sexual ma- 

turity and sex ratios in the two populations was also ob- 

tained. 

MATERIALS AND METHODS 

The reproductive cycle of two populations of the New 

Zealand geoduck, Panopea zelandica, was investigated 

using histological analysis of samples collected from 

Kennedy Bay, Coromandel Peninsula, and Shelly Bay, 

Wellington (Figure 1). Monthly samples of approximately 

20 geoducks (size range 37-128 mm shell length) were 

collected subtidally from both populations in 5-12 m of 

water using SCUBA from June 1999 to March 2001. 

Clams were processed within 4 hours of collection. 

Length (anterior-posterior axis of the right valve) was 

measured to the nearest millimeter using vernier calipers 

and whole wet-weight to the nearest 0.1 g using a Mettler 

electronic balance. The shell was removed, blotted with 

tissue paper to remove any remaining water, and weighed. 
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Criteria used to stage histologically prepared slides. Adapted from Porter (1964), Ropes (1968), Anderson (1971), 

Goodwin (1976) and Beattie (1989). 

Stage 

Early active 

Late active 

Ripe 

Partially spawned 

Spent/Resorbing 

Males 

Follicles small and walls thick. Follicles contain 

spermatogonia. Gonad volume in small and con- 

nective tissue abundant. Sperm ducts co tracted. 

Follicles larger walls not as thick. Spermatogonia 

occupying ~™% the volume of the follicle restrict- 

ed to lining the follicle walls. Follicle dominated 

by dense areas of spermatids and spermatocytes. 

Spermatozoa also present. Connective tissue less 

abundant and sperm ducts expanding. 

Spermatogonia as for late active. Follicle dominated 

by very dense columns of spermatozoa with tails 

pointing into the lumen. Spermatids and sperma- 

tozoa occupy less follicle volume. Gametes occu- 

py nearly all the gonad volume. Very little con- 

nective tissue. Sperm ducts fully expanded. 

Follicle smaller and walls still thin. Spermatozoa 

less abundant. Center of the lumen often appears 

empty. Spermatogonia intrude farther into the fol- 

licle although no more abundant than in the pre- 

vious stage. Spermatids and spermatocytes less 

dense but still fairly common. Little connective 

tissue, and sperm ducts still expanded. Spermato- 

zoa often visible in ducts. 

Follicle small and walls are thick. Few unspawned 

spermatozoa remain. Connective tissue more 

abundant but less so than in early active stage. 

Sperm ducts contracting. All gametes will be re- 

sorbed and only sperm ducts visible. 

Females 

Follicle small walls thick. Follicles mainly contain 

oogonia and primary oocytes present. A few sec- 

ondary oocytes may also be visible. Gonad vol- 

ume is small and connective tissue abundant. 

Follicle larger, walls not as thick. Follicles dominat- 

ed by secondary oocytes with fewer oogonia and 

primary oocytes present. Oocytes elongated in 

shape. Connective tissue less abundant. 

Follicle are large and walls thin containing ova of- 

ten lying free in the lumen. there is little ovogen- 

ic activity within the follicle except for a few pri- 

mary and secondary oocytes. Ova are usually 

spherical in shape. Very little connective tissue. 

Follicles are very large and walls still thin. There 

are usually large spaces within the lumen, al- 

though free ova are still frequent within lumen of 

the follicle. There are still mature oocytes pre- 

sent. Very little connective tissue. 

Follicles small and walls thick. Few oocytes and 

ova remain. Connective tissue more abundant but 

less so than in early active stage. All gametes 

will be eventually be resorbed. 

The tissue (including siphons, gills, mantle, and visceral 

mass) was weighed to give total wet tissue weight. The 

visceral mass (with associated gonad, gut, and attached 

foot) was then excised, weighed, and fixed in Bouin’s 

solution for a period of no less than 3 days. The remain- 

ing tissue was placed in a foil tray of known weight and 

dried in an oven for 3 days at 60°C. Dry tissue weight 

was calculated by subtracting tray weight from the com- 

bined weight of the tray plus dried tissue. 

Samples were dehydrated using a graded ethanol se- 

ries, blocked in paraffin wax, and sectioned at 7 wm. One 

lateral section was taken near the front of the viscera 

(where most of the gonadal material was located) for all 

clams collected. All sections were stained with hematox- 

ylin and counterstained with eosin. The histologically 

prepared slides were examined using a compound micro- 

scope at X4, X10, and X40 magnification. Gonads from 

both male and female clams were placed into five quali- 

tative categories adapted from Porter (1964), Ropes 

(1968), Andersen (1971), Goodwin (1976), and Beattie 

(1989): early active, late active, ripe, partially spawned, 

and spent/resorbing (Table 1; Figures 2A—J). The gonadal 

state of each clam was described as one of the five stages 

based on the most dominant stage present in 10 haphaz- 

ardly selected follicles from each sample. 

For female geoducks, monthly mean oocyte diameters 

(+ SD) and monthly mean number of eggs per follicle 

(+ SD) were determined using video image analysis (Im- 

age Tool Version 2.0; UTHSCSA 1997). The diameters 

of all oocytes within five haphazardly selected follicles 

from each slide were measured for all female clams sam- 

pled in each month. Only oocytes with visible nuclei were 

measured, but all oocytes present were counted. 

GSIs used as quick determiners of gametogenic devel- 

opment and as gross indicators of spawning events were 

calculated from the wet-weight and dry-weight measures 

determined above. GSIs were calculated for each monthly 

sample collected from both populations. Indices calculat- 

ed included: gonad weight:whole wet weight, gonad 

weight:wet tissue weight, gonad weight:dry tissue weight 

(with gonad removed), and gonad weight:wet shell 

weight. All indices are expressed as percentages. 

Two condition indices (wet tissue weight:wet shell 

weight, and dry tissue weight:wet shell weight) were also 

calculated for both sites to confirm that any increase or 

decrease in condition was due to changes in reproductive 
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Figure 2. Photomicrographs of reproductive stages; Males: (A) early active, (B) late active, (C) ripe, (D) partially spawned, and (E) 

spent/resorbing; Females: (F) early active, (G) late active, (H) ripe, (I) partially spawned, and (J) spent/resorbing. Scale bar = 100 wm. 

Arrows indicate position of sperm ducts. 
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condition and not caused by changes in tissue condition. 

Gonad weight was excluded from both these indices (i.e., 

tissue weight is for everything minus the viscera). The 

dry tissue weight index was chosen as the use of dry 

tissue weights eliminates the bias due to water content 

fluctuations and probably represents the best static con- 

dition index available (Lucas & Beninger, 1985). 

The ratio of males to females was determined from 

microscopic examination of the histological slides for 

both the Wellington and Kennedy Bay populations. Clams 

were deemed sexually mature if gametes were present. A 

Chi-squared goodness of fit test (a = 0.05) was used to 

test the hypothesis that there was an equal representation 

of males and females in each population. Clams were also 

examined for any evidence of hermaphroditism. Size at 

sexual maturity was also assessed from microscopic ex- 

amination of the histological slides by correlating the 

state of development of a gonad with the size (shell 

length) of the animal from which it was dissected. 

RESULTS 

Reproductive Cycle 

The gametogenic development and spawning of geo- 

ducks in both Kennedy Bay and Shelly Bay were syn- 

chronous between sexes (Figures 3, 4). However, there 

were differences in the length and timing of the repro- 

ductive stages and in the overall length of the seasonal 

reproductive cycle between localities despite gametogenic 

development starting around the same time of year (May— 

June) for both populations. 

All clams collected from Kennedy Bay in June 1999 

(early winter) were in an early active condition, with late 

active clams dominating by October (spring). By late No- 

vember, partially spawned and spent clams prevailed, 

with all clams appearing spent by January 2000 (sum- 

mer). Following spawning, clams went through a period 

of resorbing all their residual gametes. During 2000, early 

gametogenic development began in May (late autumn) 

and lasted until August (winter) when late active individ- 

uals dominated the population (Figure 3). The majority 

of clams were in a ripe condition by September/October 

(spring). The spawning season began in October, and by 

the end of the month nearly all clams appeared partially 

spent. By January/February 2001 (summer) most geo- 

ducks were completely spent. Although fewer samples 

were collected during the 1999/2000 reproductive season 

due to poor weather, reproductive development appeared 

to follow a similar pattern to the 2000/2001 season. 

Gametogenic development of geoducks in Shelly Bay 

began about the same time as that in Kennedy Bay (May/ 

June) (Figure 4). However, the development of gametes 

was slower, and the entire reproductive cycle lasted until 

autumn the following year; approximately 3 months lon- 

ger than in Kennedy Bay. Gonads dominated by early 

active stages were prevalent up until November 1999 
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Figure 3. Histograms showing the reproductive cycle of P. ze- 

landica in Kennedy Bay for (a) males and (b) females determined 

from analysis of histological sections, (c) monthly mean sea- 

surface temperatures (data from NIWA). Arrows indicate the start 

of the spawning season. 

(early summer) after which late active clams dominated 

the population. Clams continued to develop through to 

February (late summer) 2000 when the majority appeared 

in a ripe or late active state. Spawning began in February 

with the appearance of partially spawned individuals, and 

continued through until April (autumn) when all clams 

appeared in a spent condition except for a single ripe 

male. The 2000/2001 spawning season was similar to 

1999/2000, although partially spawned or spent individ- 

uals occurred a month later than observed in the previous 

season; February 2000 and March 2001, respectively. 

During late autumn (the onset of gametogenic devel- 

opment), sea-surface temperatures were at their highest, 
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Figure 4. Histograms showing the reproductive cycle of P. ze- 

landica in Shelly Bay for (a) males and (b) females determined 

from analysis of histological sections; (c) monthly mean sea- 

surface temperatures (data from NIWA). Arrows indicate the start 

of the spawning season. 

and gametogenesis continued as temperatures fell (Fig- 

ures 3, 4). Both populations began spawning when tem- 

peratures were ~ 15°C, except for the 2001 spawning 

season in Shelly Bay where spawning began at ~ 13°C. 

In Kennedy Bay this was the period when water temper- 

atures were at their lowest (Figure 3), whereas in Shelly 

Bay they had been rising for a couple of months (Figure 

4). 

Oocyte Diameters 

Oocyte diameters in both Kennedy Bay and Shelly Bay 

ranged from 6—64 wm (Figures 5, 6). Frequency histo- 

The Veliger, Vol. 47, No. 1 

grams of oocyte diameters for both populations confirm 

the patterns observed in the qualitative staging of repro- 

ductive development. 

In Kennedy Bay, small primary oocytes (median size 

of 13.0 wm) dominated through June and July 1999 (win- 

ter) (Figure 5). Increased gametogenic activity was ob- 

served during August and September (late winter/early 

spring) with lots of primary and secondary oocytes, and 

some Ova present (median size of 30.8 4m). Spawning 

was evident in the November sample with few oocytes 

of any size remaining. Only a very few small oocytes 

remained by January 2000 (summer). A similar pattern 

of development was observed in the following 2000/2001 

spawning season. 

During 1999, development of oocytes in Shelly Bay 

began in June (winter) with the appearance of primary 

oocytes (median size of 10.6 wm) (Figure 6). Develop- 

ment continued through the following months with sec- 

ondary oocytes and some ova apparent from September 

(spring) (median size of 40.3 jm). Spawning was ob- 

served in February 2000 (summer) and by March (early 

autumn) very few oocytes remained. Primary oocytes 

were present again in July 2000 (winter), indicating the 

beginning of reproductive development again. Develop- 

ment continued as for the previous year with large sec- 

ondary oocytes and ova dominating during January 2001 

(summer). Very few oocytes remained by March (au- 

tumn) indicating that spawning had occurred. 

In both populations, mean oocyte diameters increased 

as gametogenesis progressed with high oocyte diameter 

values associated with the onset of spawning in both pop- 

ulations: during January 2000 (summer) and February 

2001 (later summer) in Shelly Bay, and November 1999 

and October 2000 (spring) in Kennedy Bay (Figure 7). 

However, the largest monthly mean diameters generally 

occurred in those months immediately following the be- 

ginning of spawning. The high value occurring in Ken- 

nedy Bay during March 2000 was due to the appearance 

of a single ripe female. The remaining females in the 

sample contained very few residual eggs. The large stan- 

dard deviations observed for both populations, for all 

months, indicates the large variability in oocyte diameters 

present in any month. Shelly Bay had higher peak month- 

ly mean oocyte diameters in both spawning seasons, ex- 

cluding the Kennedy Bay sample collected during March 

2000. 

Monthly mean number of eggs/follicle suggests that 

small levels of spawning may have occurred earlier than 

observed in histological stagings (Figure 8). In Kennedy 

Bay, peak values were reached in early October 1999 

(spring) and in August 2000 (winter) and decreased there- 

after. This was 1—2 months earlier than spawning was 

inferred from the histological stagings (Figure 3). In 

Shelly Bay, the highest values occurred in October 1999 

(spring) and remained high until February 2000 (sum- 

mer), when they decreased with the onset of spawning in 
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Figure 5. Frequency histograms for all oocyte diameters measured within five haphazardly selected follicles from all females collected 
from Kennedy Bay. 
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Figure 6. Frequency histograms for all oocyte diameters measured within five haphazardly selected follicles from all females collected 
from Shelly Bay. 
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Figure 7. Seasonal variation in mean monthly oocytes diame- 

ters (+ SD) for Kennedy Bay and Shelly Bay from June 1999 

to March 2001. Oocyte diameters from five haphazardly selected 

follicles from each female collected within each month were 

pooled to calculate monthly values. 

March (autumn) (Figure 4). During the following season, 

numbers peaked in February and again decreased when 

spawning began in March. Kennedy Bay had higher peak 

monthly mean number of eggs/follicle during both 

spawning seasons. Again, there was a large amount of 

variability in the monthly mean number of eggs/follicle. 

GSIs and Condition Indices 

All GSIs followed similar patterns that appeared to be 

closely related to the reproductive development seen in 

the histologically prepared slides for both populations 

(Figure 9). Only the dry weight GSI and condition index 

are presented as these proved to be the most sensitive to 

changes in reproductive development. The patterns were 

less obvious in the whole weight GSI. This was probably 

due to the retention of water in the internal cavity of the 

geoducks slightly masking any pattern in the GSI. GSI 

values were at their lowest prior to the onset of gameto- 

genic development. Indices began rising in May/June (au- 

tumn/winter). Values in both bays peaked prior to the 

spawning events inferred from the histological stagings. 

In Kennedy Bay, there was also a peak in the GSIs during 

February (summer) 2001 suggesting a secondary summer 

spawning. However, this was not evident in the qualita- 

tive stagings. GSIs began falling following the beginning 

of the spawning season. 

The dry tissue weight condition indices for both Ken- 

nedy Bay and Shelly Bay do not appear to follow any 

distinct pattern, remaining fairly constant throughout the 

sampling period (Figure 9). The pattern was the same for 

wet tissue weight index, (data not presented), although 

there was more variability. Again, this was probably due 

to the retention of water within the geoducks. 

Sex Ratio and Size at Sexual Maturity 

Overall, there were significantly more males than fe- 

males (ratio 1.5:1) collected from Kennedy Bay, mainly 

80 5 
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Figure 8. Seasonal variation in mean monthly number of eggs/ 

follicle (+ SD) for Kennedy Bay and Shelly Bay from June 1999 

to March 2001. The number of eggs/follicle from five haphaz- 

ardly selected follicles from each female collected within each 

month was used to calculate monthly values. 

due to a large cohort of male clams (< 90 mm) (Figure 

10; Table 2). In Shelly Bay there were significantly more 

females than males (ratio 1.3:1) (Figure 11; Table 2). The 

smallest geoducks were collected from Shelly Bay (< 80 

mm) were also predominately male although they were 

much less abundant than in Kennedy Bay. 

The size range and mean length of male, female, and 

undifferentiated clams were similar for both Kennedy 

Bay and Shelly Bay. Male geoducks collected in Kennedy 

Bay ranged in size from 52—121 mm in shell length, fe- 

males from 70-129 mm, and undifferentiated clams from 

31-70 mm in shell length (Figure 10; Table 2). Shell 

lengths of geoducks collected from Shelly Bay ranged 

from 57-121 mm for males, 75—120 mm for females, and 

47-67 mm for unsexed clams (Figure 11; Table 2). The 

mean length of females was higher than males in both 
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Figure 9. Seasonal variation in the dry weight GSI (gonad 

weight: dry tissue weight) and dry weight condition index (dry 

tissue weight:wet shell weight) for geoducks in Kennedy Bay 

and Shelly Bay from February 2000 to March 2001. 
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Table 2 

Range, mean length (+SD) and total number of undifferentiated (U), male (M) and female (F) clams collected from 

Kennedy Bay (KB) and Shelly Bay (SB) between June 1999 and March 2001. x? test for sex ratios differing from 1:1 

(xj = 3.84 at a = 0.05). Significant values in bold. 

Range (mm) Mean length (+SD) Total no. 

Site U M F U F U M Ie) P-value 

KB 31-70 52-123 70-128 56 (7.6) 95 (17.27) 108 (11.1) Di 235 153 0.0001 

SB 47-67 61-121 75-120 55 (8.6) 96 (11.7) 100 (8.5) 4 167 210 0.03 

Kennedy Bay and Shelly Bay. In both population, males 

matured at a smaller size than females (Figures 10, 11; 

Table 2). In Kennedy Bay, most male geoducks appeared 

to mature at around 70 mm, whereas in Shelly Bay males 

appeared to mature at approximately 60 mm. Females in 

Kennedy Bay appeared to mature at ~100 mm, with fe- 

males in Shelly Bay maturing at ~ 80 mm. 

DISCUSSION 

Goodwin (1976), and Sloan & Robinson (1984) found 

slight differences in the seasonal pattern of gametogenesis 

and spawning between male and female North American 

geoducks, Panope abrupta, in Puget Sound, Washington 

and southern British Columbia, respectively. Andersen 
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Figure 10. Length frequency distributions of male, female, and 

unsexed geoducks collected for histological analysis in Kennedy 

Bay from June 1999 to March 2001. : 

(1971), however, found no such differences between male 

and female geoducks in Hood Canal, Washington State. 

In our study, reproductive development and spawning 

was synchronous between the sexes for P. zelandica in 

both Kennedy Bay and Shelly Bay, and appeared to be 

related to changes in water temperatures. 

Although gametogenic development started around the 

same time of year (late autumn-early winter), there were 

differences in the length of both gametogenic develop- 

ment and spawning between the populations. Spawning 

in Kennedy Bay began in October/November (spring), a 

pattern similar to that observed for populations of P. 

abrupta from southern British Columbia (Sloan & Rob- 

inson, 1984), Puget Sound (Goodwin, 1976), and Hood 

Canal (Andersen, 1971) in Washington. However, spawn- 
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Figure 11. Length frequency distributions of male, female, and 

unsexed geoducks collected for histological analysis in Shelly 

Bay from June 1999 to March 2001. 
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ing in Shelly Bay occurred during February/March (late 

summer). This is in agreement with a preliminary study 

by Breen et al. (1991) who suggested that P. zelandica 

in Golden Bay, Nelson, which is on a similar latitude to 

Wellington Harbour, spawn during summer and autumn. 

Latitudinal gradients in the timing of gametogenic de- 

velopment, spawning, and in the number of spawning 

events in a reproductive season are common among clam 

species that exist over a broad geographical range. A sim- 

ilar pattern of early gonad ripeness and spawning patterns 

as that described here for southern latitudes is well doc- 

umented for clam populations in North America (Porter, 

1964; Ropes & Stickney, 1965; Keck et al., 1975; Sastry, 

1979; Manzi et al., 1985; Eversole, 1989; Heffernan et 

al., 1989; Kanti et al., 1993). Temperature is often con- 

sidered the most important factor in the timing of spawn- 

ing (Keck et al., 1975; Eversole, 1989; Hadfield & An- 

derson, 1988; Heffernan et al., 1989) with spawning usu- 

ally commencing following either an increase to a spe- 

cific temperature (e.g., Brousseau, 1978) or a relative 

change in temperature (e.g., Ropes, 1968). Sloan & Rob- 

inson (1984) suggested that P. abrupta may spawn during 

summer in response to increases in ambient seawater tem- 

peratures. Both populations of P. zelandica spawned be- 

tween 15—17°C when water temperatures were increasing. 

However, in Kennedy Bay, this was during a period when 

sea-surface temperatures were at their lowest, while in 

Shelly Bay they were near their highest. In both instances, 

these were not periods of rapidly increasing or declining 

temperatures, suggesting that spawning in these two pop- 

ulations is induced by an increase to a specific tempera- 

ture rather than by any relative changes in temperature. 

Many authors have used analysis of oocyte diameters 

to quantify gametogenic development and spawning 

events. Close relationships were found between oocyte 

diameter measurements and the gametogenic cycles of 

Spisula solidissima similis in St. Catherines Sound, Geor- 

gia (Kanti et al., 1993), and the cockle, Laevicardium 

elatum, in Mexico (Villalejo-Fuerte et al., 1996). Xie & 

Burnell (1994) found length frequency histograms sup- 

ported qualitative data on the reproductive cycles for both 

Tapes philippinarum and T. decussatus on the south coast 

of Ireland. Although studies that have employed quanti- 

tative analysis indicate that periods of maturation and 

spawning tend to coincide with maximum oocyte diam- 

eter values, the relationship between oocyte diameters 

and the remainder to the reproductive cycle remains un- 

clear (e.g., Heffernan & Walker, 1989; Hesselman et al., 

1989; Gribben et al., 2001). Quantitative analysis of oo- 

cyte diameter frequency histograms, monthly mean egg 

diameters, and monthly mean number of eggs/follicle all 

appeared to be good quantitative descriptors of the repro- 

ductive development and spawning for P. zelandica, and 

closely follow the patterns observed in the qualitative 

stagings of P. zelandica in both Kennedy Bay and Shelly 

Bay. However, consideration of monthly mean number of 

Page 63 

eggs/follicle values suggests that the spawning season 

may start earlier than that observed in the histological 

stagings. The oocyte diameter frequency histograms for 

Kennedy Bay and Shelly Bay both have small numbers 

of large oocytes and ova present 2—3 months prior to the 

onset of the main spawning season observed and it may 

be these eggs that are being spawned. 

GSIs are generally regarded as insufficient descriptors 

of reproductive development (e.g., Eversole et al., 1980; 

Heffernan & Walker, 1989; Hesselman et al., 1989; Grib- 

ben et al., 2001). However, Fritz (1991) found that chang- 

es in dry tissue weight reflected the gametogenic cycle 

of Arctica islandica off New Jersey, as did Ansell et al. 

(1980) for Donax trunculus on the Algerian coast and 

Eversole et al. (1984) for M. mercenaria in South Caro- 

lina. Several other authors have reported correlations be- 

tween drops in peak GSI values and spawning observed 

in qualitative stagings (e.g., Feder et al., 1979; Villalejo- 

Fuerte et al., 1996). All the GSIs calculated for P. zelan- 

dica in both Kennedy Bay and Shelly Bay correlate well 

with the development of the reproductive season seen in 

the qualitative stagings. Although the dry tissue weight 

GSI appears to be the most sensitive to changes in the 

reproductive cycle, it takes the longest to compile. Aqua- 

culturalists or fisheries managers wanting to quickly as- 

sess the reproductive state of potential P. zelandica 

broodstock would be just as well served using the whole 

wet weight, wet tissue weight or wet shell weight GSI. 

However, Lucas & Beninger (1985) and Villalejo-Fuerte 

et al. (1996) noted that wet tissue weight indices should 

be used with caution as bivalves in poor condition can 

compensate organic loss with water uptake. 

The possibility remains that changes in GSIs were due 

to seasonal changes in tissue condition and not a result 

of changes in reproductive development. Both the dry and 

wet tissue weight condition indices changed very little 

over the duration of the study, although the wet tissue 

index was more variable. This has two important impli- 

cations. Firstly, it confirms that the changes in GSIs were 

due to the development of reproductive products and not 

due to any seasonal changes in tissue weight. Secondly, 

unlike other bivalves (i.e., clams, oysters, and mussels) 

that can only be harvested at limited times of the year, 

the quality of meat from harvested geoducks remains 

constant. 

A review of the sex ratios of clams by Eversole (1989) 

found that they rarely differ from 1:1. However, several 

authors note unequal sex ratios in some clam species 

(e.g., Eversole, 1989; Ropes et al., 1984; Rowell et al., 

1990). Andersen (1971) found unequal sex ratios for the 

North American geoduck, P. abrupta, from Hood Canal, 

Washington, while Goodwin (1976) found an overall sex 

ratio of 1:1 for P. abrupta in Puget Sound Washington. 

The difference in sex ratios between Kennedy Bay and 

Shelly Bay was due to the large cohort of small male 

geoducks present in Kennedy Bay (< 90 mm). If this 
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cohort is removed, the sex ratios are not significantly dif- 

ferent than one (P = 0.42). However, all the small geo- 

ducks (< 70 mm) found in Shelly Bay were male. 

The dominance of small size classes by male clams 

has been reported for several clam species including P. 

abrupta (Andersen, 1971), the ocean quahog, Arctica is- 

landica (Rowell et al., 1990), and the hardshell clam, M. 

mercenaria (Eversole et al., 1980; Eversole, 1989). It is 

possible that geoducks are protandric like M. mercenaria 

(Eversole et al., 1980; Eversole, 1989). Andersen (1971) 

found no evidence of protandry in the North American 

geoduck, and suggested that the presence of sperm ducts 

in adult males is a defining characteristic of their sexu- 

ality. However, P. zelandica goes through a period of 

complete resorption of gametes post spawning. It may be 

possible that small males resorb these sperm ducts as well 

as residual sperm during this period and then develop as 

females. Alternatively, females may grow faster than 

males, maturing at the same age but a larger size, as oc- 

curs with A. islandica (Rowell et al., 1990). If females 

grew at the same rate and matured at a larger size, more 

undifferentiated clams should have been evident in the 

smaller size classes. However, it is impossible to deter- 

mine which theory is appropriate for P. zelandica without 

knowing the size-age relationships for males and females. 

Andersen (1971) did not present these sorts of data for 

P. abrupta. 

According to Eversole (1989), sexual maturity could 

be a function of size (shell length), age, or some inter- 

action between size and age. Evidence suggests that P. 

abrupta matures prior to 5 years of age (Andersen, 1971; 

Sloan & Robinson, 1984). Andersen (1971) found that 

male P. abrupta from Hood Canal, Washington, matured 

at a size of > 45 mm and females at a size of > 85 mm. 

These patterns are similar to those found in this study, 

with male P. zelandica maturing before females in both 

populations. However, both male and female geoducks 

from Shelly Bay mature at a smaller size than those in 

Kennedy Bay. Either geoducks in Shelly Bay are matur- 

ing at a younger age than those in Kennedy Bay, or they 

are maturing at the same age but have slower growth 

rates, possibly due to the cooler water temperatures in 

Wellington Harbour. Again, this is difficult to assess with- 

out knowing the growth rates and the relationship be- 

tween size and age for P. zelandica in both populations. 

Breen et al. (1991) suggested that P. zelandica taken from 

Golden Bay, Nelson matured at age 5 years or earlier 

based on the number of internal rings observed in shell 

cross-sections. However, whether or not the rings they 

counted were annuli was not validated. 

Aquaculture is becoming an increasingly important 

part of the commercial development of P. abrupta in 

North America (e.g., Beattie & Goodwin, 1992; Roberts 

& Shuman, 1989; Beattie, 1992; Beattie & Blake, 1999) 

and the hatchery culture of P. abrupta is already well 

developed (Beattie, 1992; Beattie & Blake, 1999). As 

there is currently no known natural supply of spat, the 

aquaculture of P. zelandica in New Zealand is going to 

be reliant on the production of hatchery-reared spat. This 

study has shown that potential broodstock from any pop- 

ulation are ripe for only a short period of time. However, 

given the latitudinal gradients in reproduction, ripe brood- 

stock should be available over an extended period as dif- 

ferent populations mature, thus minimizing the costs of 

conditioning geoducks out of season. The data presented 

here also suggests that the use of GSIs may be of use as 

quick and easy indicators of the reproductive state of 

broodstock. 

Acknowledgments. This study was supported by a Graduate Re- 

search in Industry Foundation scholarship, made possible with 

the help of the members of the Geoduck Research Group. The 

authors thank Robert Williamson, George Potae, Andrew Bell, 

and Peter Riordan for their assistance in collecting geoducks, and 

the staff at Auckland University’s Medical School histology unit 

for processing samples. Thanks are also due to Bob Creese, Russ 

Babcock, Russell Cole, and Simon Hooker for providing valu- 

able support and advice, and critical constructive comments on 

the manuscript. 

LITERATURE CITED 

ANDERSEN, A. M. 1971. Spawning, growth, and spatial distribu- 

tion of the geoduck clam, Panope zelandica Gould, in Hood 

Canal, Washington. Unpubl. Doctoral Thesis, University of 

Washington, USA. 

ANSELL, A. D., L. FRENKIEL & M. Moueza. 1980. Seasonal 

changes in tissue weight and biochemical composition for 

the bivalve Donax trunculus L. on the Algerian coast. Jour- 

nal of Experimental Marine Biology and Ecology 45:105— 

116. 

BeattigE, J. H. 1989. Washington State Department of Fisheries 

geoducks hatchery. Northwest Environmental Journal 5(1): 

170-171. 
BEATTIE, J. H. 1992. Geoduck enhancement in Washington State. 

Bulletin of the Aquaculture Association of Canada 18-24 

Pp. 
BEATTIE, J. H. & B. BLAKE. 1999. Development of culture meth- 

ods for the geoduck clam in the USA (Washington State) 

and Canada (British Columbia). World Aquaculture Septem- 

ber:50—S3. 

Beattie, J. H. & C. L. Goopwin. 1992. Geoduck culture in 

Washington State: Reproductive development and spawning. 

Proceedings of the 18" US-Japan Meeting on Aquaculture: 

Marine Ranching: 55-62. 

BREEN, P. A., C. GABRIEL & T. Tyson. 1991. Preliminary esti- 

mates of age, mortality, growth, and reproduction in the hia- 

tellid clam Panopea zelandica in New Zealand. Journal of 

Marine and Freshwater Research 25:231—237. 

BroussEAu, D. J. 1978. Spawning cycle, fecundity, and recruit- 

ment in a population of soft-shell clams, Mya areneria, from 

Cape Ann, Massachusetts. Fisheries Bulletin 76:155—166. 

CAMPBELL, A., R. M. HAaRBo & C. M. Hanp. 1998. Harvesting 

and distribution of Pacific geoduck clams, Panopea abrupta, 

in British Columbia. Pp. 349-358 in G. S. Jamieson & A. 

Campbell (eds.), Proceedings of the North Pacific Sympo- 

sium in Invertebrate Stock Assessment and Management. 

EVeRSOLE, A. G. 1989. Gametogenesis and spawning in North 

American clam populations: implications for culture. Pp. 



P. E. Gribben et al., 2004 

75-109 in J. J. Manzi & M. Castagna (eds.), Developments 

in Aquaculture and Fisheries Science, Clam Mariculture in 

North America. Vol. 19. Elsevier: Amsterdam. 

EVERSOLE, A. G., W. K. MICHENER & P. J. ELDRIDGE. 1980. Re- 

productive cycle of Mercenaria mercenaria in a South Car- 

olina estuary. Proceedings of the National Shellfisheries As- 

sociation 70:22-30. 

EVERSOLE, A. G., W. K. MICHENER & P. J. ELDRIDGE. 1984. Go- 

nadal condition of hard clams in a South Carolina estuary. 

Proceedings of the Annual Conference of the Southeast As- 

sociation of Fisheries and Wildlife Agencies 38:495—505. 

FEDER, H. M., J. C. HENDEE, P. HOLMES, G. J. MUELLER & A. J. 

PAuL. 1979. Examination of a reproductive cycle of Proto- 

thaca staminea using histology, wet weight-dry weight ra- 

tios, and condition indices. The Veliger 22(2):182-187. 

Fritz, L. W. 1991. Seasonal condition change, morphometrics, 

growth and sex ratio of the ocean quahog, Artica islandica 

(Linneaus, 1767) off New Jersey, U.S.A. Journal of Shellfish 

Research 10(1):79—88. 

Goopwin, C. L. 1976. Observations on spawning and growth of 

subtidal geoducks (Panope generosa, Gould). Proceedings 

of the National Shellfisheries Association 65:49-58. 

GRIBBEN, P. E., R. G. CREESE & S. H. HOoKer. 2001. The repro- 

ductive cycle of the New Zealand Venus Clam Ruditapes 

largillierti. Journal of Shellfish Research 20(3):1101—1108. 

HADFIELD, A. J. & D. T. ANDERSON. 1988. Reproductive cycles 

of the bivalve mollusks Anadara trapezia (Deshayes), Ve- 

nerupis crenata Lamarck and Anomia descripta Iredale in 

the Sydney region. Australian Journal of Marine and Fresh- 

water Research 39:649—660. 

HAnp, C. M., K. Marcus, S. HEIZER & R. HARBO. 1998. Quota 

options and recommendations for the 1997 and 1998 geo- 

duck clam fisheries. Pp. 71-160 in G. E. Gillespie & L. C. 

Walthers (eds.), Invertebrate Working Papers Reviewed by 

the Pacific Stock Assessment Review Committee (PSARC) 

in 1996. Canadian Technical Report of Fisheries and Aquatic 

Sciences. 2221. 

HEFFERNAN, P. B. & R. L. WALKER. 1989. Quantitative image 

analysis methods for use in histological studies of bivalve 

reproduction. Journal of Molluscan Studies 55:135—137. 

HEFFERNAN, P. B., R. L. WALKER & J. L. Carr. 1989. Gameto- 

genic cycles of three bivalves in Warsaw Sound, Georgia: I. 

Mercenaria mercenaria (Linnaeus, 1758). Journal of Shell- 

fish Research 8(1):51—60. 

HESSELMAN, D. M., B. J. BARBER & N. J. BLAKE. 1989. The 

reproductive cycle of adult hard clams, Mercenaria spp. in 

the Indian River Lagoon, Florida. Journal of Shellfish Re- 

search 8(1):43—49. 

HOFFMAN, A., A. BRADBURY & C. L. Goopwin. 2000. Modeling 

geoducks, Panopea abrupta (Conrad, 1849) population dy- 

namics. I. Growth. Journal of Shellfish Research 19(1):57— 

62. 

Hooker, S. H. & R. G. CREESE. 1995. The reproductive biology 

of pipi, Paphies australis (Gmelin, 1790) (Bivalvia: Meso- 

desmatidae). I. Temporal patterns of the reproductive cycle. 

Journal of Shellfish Research 14(1):7-15. 

KAntI, A., P. B. HEFFERNAN & R. L. WALKER. 1993. Gametogenic 

cycle of the southern surfclam, Spisula solidissima similis 

(Say, 1822), from St. Catherines Sound, Georgia. Journal of 

Shellfish Research 12(2):255-—261. 

Keck, R. T., D. MAURER & H. LIND. 1975. A comparative study 

Page 65 

of the hard clam gonad development cycle. Biological Bul- 

letin 148:243-258. 
KENNEDY, A. V. & H. I. BATTLE. 1964. Cyclic changes in the 

gonad of the American oyster, Crassostrea virginica, (Gme- 

lin). Canadian Journal Zoology 42:305-322. 

Lucas, A. & P. G. BENINGER. 1985. The use of physiological 

condition indices in marine bivalve aquaculture. Aquacul- 

ture 44:187—200. 

Manzi, J., M. Y. Bopo & V. G. BuRRELL, Jr. 1985. Gametogenesis 

in a population of the hard clam, Mercenaria mercenaria 

(Linnaeus), in North Santee Bay, South Carolina. The Ve- 

liger 28(2):186-194. 

PorTER, H. J. 1964. Seasonal gonadal changes of adult clams, 

Mercenaria mercenaria (L.) in North Carolina. Proceedings 

of the National Shellfisheries Association 55:35—52. 

RoserTs, T. L. & F R. SHUMAN. 1989. Development of an inter- 

tidal technique for growing geoducks, Panope abrupta, in 

the Pacific Northwest. Northwest Environmental Journal 

5(1):167-170. 

Ropes, J. W. 1968. Reproductive cycle of the surf clam, Spisula 

solidissima, in offshore New Jersey. Biological Bulletin 135: 

349-365. 
Ropes, J. W. & A. P. STICKNEY. 1965. Reproductive cycle of Mya 

arenaria in New England. Biological Bulletin 128:315—327. 

Ropes, J. W., S. A. MURAWSKI & E M. SERCHUK. 1984. Size, 

age, sexual maturity and sex ratio in ocean quahogs, Arctica 

islandica Linne, off Long Island, New York. Fisheries Bul- 

letin 82(2):253-267. 
RowELL, T. W., D. R. CHAISSON & J. T. MCLANE. 1990. Size and 

age of sexual maturity and annual gametogenic cycle in the 

ocean quahog, Arctica islandica (Linnaeus, 1767), from 

coastal waters in Nova Scotia, Canada. Journal of Shellfish 

Research 9(1):195—203. 

Sastry, A. N. 1979. Pelecypoda (excluding Ostreidae). Pp. 113- 

265 in A. C. Giese & J. S. Pearse (eds.), Reproduction of 

Marine Invertebrates. Vol. 5. Molluscs, Pelecypods and 

Lesser Classes. Academic Press: New York. 

SBRENNA, G. & D. CAMPIONI, 1994. Gametogenic and spawning 

patterns of the Manila clam, Tapes Philippinarum (Bivalvia: 

Veneroida) in the Po Delta, Italy. Journal of Shellfish Re- 

search 13(1):37—46. 

SHAUL, N. A. & C. L. Goopwin. 1982. Geoduck (Panope abrup- 

ta: Bivalvia) age as determined by internal growth lines in 

the shell. Canadian Journal of Fisheries and Aquatic Scienc- 

es 39:632-636. 
SHAw, W. N. 1965. Seasonal gonadal changes in male soft-shell 

clams, Mya arenaria, in Maryland. U.S. Fish and Wildlife 

Service. Specific Scientific Report for Fisheries. 4 pp. 

SLOAN, N. A. & S. M. Rosinson. 1984. Age and gonad devel- 

opment in the geoduck clam Panope abrupta (Conrad) from 

southern British Columbia, Canada. Journal of Shellfish Re- 

search 4(2):131—137. 

UTHSCSA. 1997. UTHSCSA Imagetool, IT Version 2.0. 56 pp. 
VILLALEJO-FUERTE, M., B. P. CEBALLOS-VAZQUEZ & FE GARCIA- 

DOMINGUEZ. 1996. Reproductive cycle of Laevicardium ela- 

tum (Sowerby, 1833) (Bivalvia: Cardiidae) in Bahia Con- 

cepcion, Baja Califoria Sur, Mexico. Journal of Shellfish Re- 

search 15(3):741-745. 

XIE, Q. & G. M. BurneELL. 1994. A comparative study of the 

gametogenic cycles of the clams Tapes philippinarum (A. 

Adams & Reeve, 1850) and Tapes decussatus (Linnaeus) on 

the South Coast of Ireland. Journal of Shellfish Research 

13(2):467—472. 



THE V BEIGE: 
© CMS, Inc., 2004 

The Veliger 47(1):66—-81 (January 2, 2004) 

Taxonomic Reappraisal of Species Assigned to the North American 

Freshwater Gastropod Subgenus Natricola (Rissooidea: Hydrobiidae) 

ROBERT HERSHLER 

Department of Systematic Biology, Smithsonian Institution, PO. Box 37012, NHB W-305, MRC 163, 

Washington, D.C. 20013-7012 

AND 

HSIU-PING LIU 

Department of Biological Sciences, University of Denver, Denver, Colorado 80208, USA 

Abstract. The hydrobiid gastropod subgenus Natricola (currently placed in synonymy with Pyrgulopsis) was erected 

for three species from the northwestern United States which have a large shell and long accessory process on the penis. 

Two of these are restricted to the Snake River basin (P. idahoensis, P. robusta) while the third ranges among Snake 

River and Great Basin drainages (P. hendersoni). A possible additional species of this subgenus was recently discovered 

in the Columbia River. In this paper we evaluate the taxonomic status of these closely similar and little studied gastropods. 

Our review of morphology demonstrated extensive overlap or only slight differences in taxonomic characters previously 

utilized to diagnose these snails. Our analyses of mitochondrial (cytochrome c oxidase) and nuclear (first internal tran- 

scribed spacer region) DNA sequences congruently depicted a strongly supported but weakly structured clade composed 

of these species. Sequence divergences among these species were markedly lower than those documented for other 

species of Pyrgulopsis and for other congeneric freshwater mollusks. Based on the results of our morphological and 

genetic studies, P. idahoenis (Pilsbry, 1933), P. hendersoni (Pilsbry, 1933), and the Columbia River population are 

placed in synonymy with P. robusta (Walker, 1908), which is redescribed herein. Our genetic data also suggest that the 

middle Snake River populations which have been ruled endangered (P. idahoensis) may be appropriately treated as a 

management unit of P. robusta. 

INTRODUCTION 

The hydrobiid gastropod subgenus Natricola Gregg & 

Taylor, 1965, which is currently placed in synonymy with 

Pyrgulopsis Call & Pilsbry, 1886 (Hershler & Thompson, 

1987) was erected for three Recent species from the 

northwestern United States (Figure 1) which have a large 

shell and long accessory process on the penis. One of 

these, P. robusta (Walker, 1908) is endemic to spring-fed 

headwaters of the Snake River in Wyoming (Beetle, 

1989) whereas P. idahoensis (Pilsbry, 1933) lives in the 

middle Snake River in southern Idaho (Taylor, 1982; 

USFWS, 1995). The third species, P. hendersoni (Pilsbry, 

1933), is distributed among springs in the Great Basin 

and Snake River drainage of southeastern Oregon (Taylor 

& Smith, 1981; Hershler, 1998). A fossil member of Na- 

tricola was subsequently described from Pliocene lake 

beds of northeastern California (Taylor & Smith, 1981) 

and a possible fourth Recent species was recently discov- 

ered in the Columbia River (Frest & Johannes, 1995). 

The subgenus Natricola has been a focus of biogeo- 

graphic inquiry in which its distribution was interpreted 

as evidence of an ancestral route of the Snake River to 

the Pacific through northeastern California (Taylor & 

Smith, 1981; Taylor, 1982). (Note that Natricola is used 

herein to conveniently refer to this group of snails, while 

species names instead are coupled with their correct ge- 

neric name, Pyrgulopsis.) Natricola has also received at- 

tention from conservation biologists owing to the various 

threats to its habitats. Pyrgulopsis idahoensis has been 

ruled endangered by the USFWS (1992), P. robusta is a 

former candidate for addition to this list (USFWS, 1994) 

(and is currently threatened by introduced Potamopyrgus 

antipodarum (Gray, 1853); Richards, 2001), and P. hen- 

dersoni is listed as critically imperiled (Oregon Natural 

Heritage Program, 2001). Despite the interest in these 

species, they have not been studied in depth, and their 

taxonomic status is in need of further investigation. As is 

the case for many North American freshwater gastropods, 

these were originally described based on shells. However, 

they are closely similar in this aspect of morphology (Fig- 

ure 2; also see Taylor & Smith, 1981; Taylor, 1982). Tay- 

lor (1982) suggested that they are instead differentiated 

by the shape and glands of the penis and documented 

variation of these features within P. idahoensis. However, 

the other two Recent species of Natricola have not been 

studied in similar detail and the diagnostic utility of the 
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Figure 1. Map showing the distribution of Natricola species. 

penial characters described by Taylor (1982) is therefore 

uncertain. Although other aspects of morphology have 

also been used to differentiate Natricola species (radula, 

Pilsbry, 1933; female genitalia, Hershler, 1994), relatively 

few specimens were examined in those studies. 

In this paper we present new data to evaluate the extent 

that Natricola species can be distinguished on the basis 

of previously utilized meristic and morphological char- 

acters. We also analyze mitochondrial and nuclear genetic 

markers to assess the phylogenetic relationships of these 

snails and to quantify the degree of differentiation among 

them. The taxonomic status of Natricola species is re- 

examined based on the results of these studies. 

MATERIALS anpD METHODS 

Morphology 

The total number of shell whorls was counted and stan- 

dard shell parameters were measured for a series of adult 

shells (e.g., having a fully formed inner apertural lip) of 

the Recent species of Natricola and the undescribed pop- 

ulation from the Columbia River (referred to herein as P. 

sp. A). Ratios were calculated to estimate overall shell 

shape (shell height/width), relative size of body whorl 

(shell height/body whorl height), and relative size of ap- 

erture (shell height/aperture height). Shells, opercula, and 

radula were extracted, cleaned with commercial bleach, 

and mounted on cover slips for study and photography 

using a scanning electron microscope. For each species 

the number of cusps was counted on 6—12 examples of 

each radular tooth type. Shape of the central radular tooth 

was measured as tooth width/tooth height from the base 

of the lateral margins to the dorsal edge of the cutting 

edge. The penial characters used by Taylor (1982: table 

1) to describe variation in P. idahoensis were scored for 

one to three samples of each of the other species of Na- 

tricola. These data were obtained from alcohol-preserved 

specimens that had been relaxed with menthol prior to 

fixation so that their penes were in a well extended state, 

enabling ready scoring of characters. Since suitably pre- 

pared alcohol-preserved material of P. idahoensis is not 

available in museum collections, we instead used the data 

that Taylor [1982] provided for this species. The distal 

genitalia of five females of each species were dissected 

and drawn (using a camera lucida) to evaluate variation 

in characters utilized by Hershler (1994:41, 63). Shell pa- 

rameters were evaluated by analysis of variance (ANO- 

VA) with Tukey pairwise post-hoc testing of differences 

among means. Statistical analyses were performed using 

SYSTAT (Systat Software Inc., 2002). Institutional ab- 

breviations are as follows: Orma J. Smith Museum of 

Natural History, Albertson College of Idaho (ALBRCI- 

DA); Academy of Natural Sciences of Philadelphia 

(ANSP); University of Hlinois Museum of Natural His- 

tory (UIMNH), National Museum of Natural History 

(formerly the United States National Museum) (USNM). 

Genetics 

We analyzed multiple samples of each species of Na- 

tricola (spanning most or all of their geographic ranges) 
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Figure 2. Shells of Natricola species. A, B. P. robusta, USNM 874185. C. P. hendersoni, USNM 874386. D, E. P. hendersoni, USNM 

892179. E G. P. hendersoni, USNM 884547. H—J. P. idahoensis, ALBRCIDA 7568. K, L. P. sp. A, USNM 883873. Scales = 1.0 mm. 

except for narrowly distributed P. robusta. Outgroups 

consisted of two large congeners from the region, P. ko- 

lobensis (Taylor, 1987) and an undescribed species from 

the upper Snake River drainage (referred to herein as P. 

sp. B); and two species, P. imperialis Hershler, 1998, and 

P. intermedia (Tryon, 1865), which were shown to be 

most closely related to Natricola in an analysis of 

mtDNA sequences of 68 species of Pyrgulopsis (Liu & 

Hershler, in preparation). As is commonly done in studies 

of molecular systematics (e.g., Martin & Bermingham, 

1998; Morando et al., 2003), we sequenced two speci- 

mens from each sample, except for P. imperialis, whose 
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Table 1 

Samples used for DNA sequencing. 

Species Code Locality Voucher 

Natricola 

P. hendersoni 1 MHughet Spring, Harney basin, Harney Co., OR USNM 863508 

2 South Fork Malheur Reservoir, Malheur Cave Road crossing, Harney Co., OR USNM 863509 

3 Unnamed spring, XL Ranch, Lake Abert basin, Lake Co., OR USNM 1010682 

P. idahoensis 1 Bruneau Arm of C.J. Strike Reservoir, (Bruneau) river mile 3.8, Owyhee Co., ID USNM 1004890 

2 Snake River, river mile 538.0, Elmore Co., ID USNM 1010689 

3. Snake River, river mile 365.9, 366.3, 367.2, Malheur Co., ID ALBRCIDA 12268 

P. robusta Spring tributary to Polecat Creek, Teton Co., WY USNM 1009842 

P. sp. A 1 Columbia River, East Mayer State Park, Wasco Co., OR USNM 1010683 

2 Columbia River, Celilo State Park, Wasco Co., OR USNM 894695 

Outgroups 

P. imperialis Unnamed spring, Thacker Pass, Kings River Valley, Humboldt Co., NV USNM 1002354 

P. intermedia 1 Crooked Creek, US 95 crossing, Owyhee River basin, Malheur Co., OR USNM 863511 

2 Skylight Spring, Barren Valley, Malheur Co., OR USNM 863510 

P. kolobensis Big Malad Spring, Malad Valley, Oneida Co., ID USNM 1003673 

P. sp. B Teton River, Buxton Bridge crossing, Teton Co., ID USNM 1003706 

single exemplar was used to root all trees. Specimens 

were collected from 1997-2002 and preserved in 90% 

ethanol. 

We analyzed the first subunit of the cytochrome c ox- 

idase (COI) region of mitochondrial DNA because this 

gene was useful in discriminating among species of Pyr- 

gulopsis in previous studies (Hershler et al., 2003; Liu et 

al., 2003). We also analyzed the first internal transcribed 

spacer region (ITS-1) between the 5.8S and 18S ribosom- 

al DNA genes to provide a perspective from the nuclear 

genome. 

Genomic DNA was isolated from individual snails us- 

ing a CTAB protocol (Bucklin, 1992). The DNA was vi- 

sually inspected for quality and quantity by comparison 

with a DNA Size Standard High Molecular Weight Mark- 

er (BioRad) via electrophoresis in 1% agarose gel stained 

with ethidium bromide. 

For the COI gene, COIL1490 and COIH2198 (Folmer 

et al., 1994; COIL1490 5’GGTCAACAAATCATAAA- 

GATATTGG3’ and COIH2198 5’TAAACTTCAGGGT- 

GACCAAAAAATCA3’) were used to amplify a 710 base 

pair (bp) fragment via polymerase chain reaction (PCR). 

Amplifications were conducted in a 25 pL total volume, 

containing 5 wL of Invitrogen optimizer buffer F (10 mM 

MgCl, pH 9.0) (Invitrogen, Inc.), 2.5 wl of dNTPs (2.5 

mM each), 1.25 wL of each primer (10 pM), | unit Tag 

polymerase, | wL of template (ca. 100 ng double-stranded 

DNA), and 13.8 wL of sterile water. The temperature pro- 

file for the PCR reaction consisted of an initial 2 min 

denaturation step at 94°C, followed by 30 cycles of 1 min 

at 94°C, 1 min at 45°C, 2 min at 72°C, and a final exten- 

sion step at 72°C for 7 min. For the ITS-1 region, MUS- 

SEL18S and WHITES.8 (White et al., 1994; WHITES.8 

5'AGCTRGCTGCGTTCTTCATCGA3’) were used to 

amplify an approximately 680 bp fragment by PCR. 

MUSSEL18S (5'TCCCTGCCCTTTGTACACACCG3’) 

was designed by Liu based on the conserved 18S ribo- 

somal DNA genes which flank the spacer region in mol- 

lusks. Amplifications were conducted in a 25 wL total 

volume, containing 5 wL of Invitrogen optimizer buffer 

D (17.5 mM MgCl, pH 8.5) CUnvitrogen, Inc.), 2.5 pL 

of dNTPs (2.5 mM each), 1.25 wL of each primer (10 

wwM), | unit Tag polymerase, | wL of template (ca. 50 ng 

double-stranded DNA), and 13.8 wL of sterile water. The 

temperature profile for the PCR reaction consisted of an 

initial 2 min denaturation step at 94°C, followed by 30 

cycles of 1 min at 94°C, 1 min at 60°C, 2 min at 72°C, 

and a final extension step at 72°C for 7 min. 

Amplified DNA was resolved by electrophoresis on 

1.5% agarose gel that was stained with ethidium bromide 

to check for fragment size, quality, and quantity. The am- 

plified PCR product was incubated at 37°C for 30 min 

and then at 85°C for another 15 min with 5 units of Exo- 

nuclease I (ExoI, Amersham) and 0.5 unit Shrimp Alka- 

line Phosphatase (SAP, Amersham) to cleave nucleotides 

one at a time from an end of excess primers and to in- 

activate single nucleotides. Approximately 10-30 ng of 

cleaned PCR product was used as a template in a cycle 

sequencing reaction using the CEQ DTCS Quick Start Kit 

(Beckman Coulter, Inc.). The following cycling condi- 

tions were used: 96°C for 2 min, then 30 cycles of 96°C 

for 20 sec 45°C for COI and 50°C for ITS-1 for 20 sec, 

and 60°C for 4 min. The cycle-sequenced product was 

cleaned following the Beckman Coulter protocol. Fluo- 

rescent dye-labeled DNA was combined with 4 iL stop 

solution (equal volume of 100 mM EDTA and 3 M 

NaOAc pH 5.2), 1 pL glycogen (20 mg/mL), and 10 wl 

milli-Q H,O, mixed well, and precipitated with 60 pL 
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Table 2 

Variation in shell parameters. Sample sizes are in parentheses. Values shown are mean + standard deviation and range. ANOVA results for comparisons among samples are given on the right (asterisked F values significant, P < 0.001). The asterisked mean differs significantly (P < 0.05) from those of all other species 

number of shell whorls. 

= shell width, WH = 

shell height, SW 

height of body whorl, SH = 

aperture height, HBW 

(Tukey post-hoc test). AH 

P. hendersoni (16) P. hendersoni (9) P. idahoensis (16) P. sp A (15) ANOVA 

P. hendersoni (13) 

P. robusta (14) USNM 874185 

USNM 883873 

ALBRCIDA 7568 Snake River 

USNM 892179 

USNM 874386 USNM 883547 

Snake River 

Columbia River 

headwaters Harney basin Lake Abert basin Malheur River 

Variable WH 

*F = 13.168 

5.40 + 0.184 

5.57 + 0.291 
5.25-6.25 

4.92 + 0.125 

5.16 + 0.27 
4.75-S5.75 

S21 On72 
5.00—5.50 

5.04 + 0.257 
4.50-5.50 

4.75—5.00 
4.95 + 0.30 

6.249 

*F = 

5.48 + 0.365 

6.01 + 0.572 
5.32-7.88 

Q 

loa) 

5.86 + 0.639 
5.04—7.46 

5.78 + 0.479 
4.96-6.58 

5.72 + 0.484 4.94-6.61 

SH 

, 78 
a) 

df = 

4.99-6.17 

4.61-5.65 1.59 + 0.056 

*F = 21.569 
df 

1.71 + 0.084 
1.58-1.82 

1.84 + 0.092 
1.71—2.03 

1.58 + 0.063 1.59 + 0.063 1.70 + 0.108 

*1.52 + 0.061 

SH/SW 

Il 

1.52-1.67 
1.35 + 0.043 

1.54-1.88 
1.41 + 0.059 

1.49-1.71 
1.36 + 0.039 

1.47-1.71 
1.37 + 0.048 

5, 78 

1.49 + 0.054 
1.42-1.59 

2.61 + 0.143 

SH/HBW 

df “F 

1.31-1.45 1.30-1.48 1.29-1.40 1.40—1.62 

ANG SEONG) 

2.16 + 0.091 

1.31-1.47 
2.31 + 0.116 

2.16-2.57 

5, 78 
474 7 
aN 
fog) 

2.67 + 0.162 
2.40—2.96 

7 + 0.170 
2.12-2.72 loa) 

N 

SH/AH 

a) 

df = 

1.99—2.33 

1.99-2.30 
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cold 95% (v/v) ethanol/water. Fluorescent dye-labeled 

DNA was recovered by centrifuging at 13,000 rpm for 

20 min at 4°C. Pellets were washed with 100 wL 70% (v/ 

v) ethanol/water, air dried, and resuspended in 30 pL of 

dimethylformamide. Resuspended samples were run on 

the Beckman Coulter CEQ8000. Sequences were deter- 

mined for both strands and were edited and aligned using 

Sequencher™. Collecting localities, sample sizes, and 

voucher information are summarized in Table 1. 

Phylogenetic trees based on distance, parsimony, and 

maximum-likelihood methods were generated using 

PAUP* 4.0b10 (Swofford, 2002). Maximum-parsimony 

(MP) analyses were conducted with equal weighting, us- 

ing the heuristic search option with tree bisection recon- 

nection branch-swapping and 10 random additions. Given 

their critical importance in phylogenetic reconstruction, 

gaps in the ITS-1 data set were weighted using three dif- 

ferent methods, as suggested by Vogler & DeSalle (1994). 

First, gaps were treated as missing data and excluded 

from the analysis. Second, gaps were treated as a “‘fifth” 

nucleotide base. Third, each insertion/deletion event was 

treated as a single character, regardless of the length of 

gaps. The aligned data matrix is available from authors 

upon request. Since no such option is available in PAUP, 

the ITS-1 data matrix was recoded manually. Each meth- 

od was used to generate the most parsimonious trees, and 

the resulting topologies were compared and found to be 

closely similar. In our final parsimony analysis, gaps were 

treated as a “‘fifth’’ nucleotide base. Bootstrapping with 

1000 replications was used to evaluate node support. The 

HKY model and the JC model with variable sites as- 

sumed to follow a discrete gamma distribution (e.g., HK Y 

+ G; Hasegawa et al. 1985; JC + G; Jukes & Cantor, 

1969) were selected as the best fits to the COI and the 

ITS-1 data, respectively, based on the results of Modeltest 

3.06 (Posada & Crandall, 1998). HKY distances were 

used to generate a neighbor-joining (NJ) tree for the COI 

data based on the clustering method of Saitou & Nei 

(1987). Gaps in the aligned ITS-1 matrix were treated as 

missing in the NJ analysis. Jukes-Cantor (JC) distances 

were used to generate a NJ tree for the ITS-1 data. Node 

support was assessed by completion of 1000 bootstrap 

replications (Felsenstein, 1985) in PAUP, using the fast- 

search option. Maximum-likelihood (ML) analyses were 

based on the HKY + G model with empirical base fre- 

quencies for COI data and the JC + G model for ITS-1 

data using a heuristic search algorithm. A NJ tree with 

appropriately corrected genetic distances was used as the 

initial topology for branch-swapping. Node support was 

evaluated by 100 bootstrap pseudoreplicates. 

RESULTS 

Morphology 

Univariate comparisons among samples of the Natri- 

cola species were significantly heterogeneous (P < 
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Figure 3. Opercula of Natricola species. A, B. P. robusta (USNM 874185). C, D. P. hendersoni (USNM 874386). E, FE P. idahoensis 

(ALBRCIDA 7568). G, H. P. sp. A (USNM 883873). A-F scales = 200 pm; G, H, scales = 100 pm. Ca = callus. 

0.001) for each shell parameter (Table 2). However, the 

only case in which a given species differed significantly 

from all others involved the overall shape of P. idahoen- 

sis, which is congruent with the original diagnosis of this 

snail based on its slender shell (Pilsbry, 1933). The oper- 

culum of Natricola species is closely similar in all re- 

spects (Figure 3) and our study of this structure did not 

confirm a previous assertion that the “‘callus”’ on the in- 

ner surface is consistently weaker in P. robusta (Figure 

3B) than in the other snails (Hershler, 1994:63). Our find- 

ings indicated that the shape of the central cusp of the 

central teeth (generally rounded to weakly pointed) over- 

lapped among species (Figure 4) and does not provide a 

basis for distinguishing P. robusta (contra Hershler, 1994: 

63). We also determined that the number of cusps on the 

cutting edge of the central teeth broadly overlapped 

among these species (P. robusta and P. hendersoni, 3-5; 

P. idahoensis, 3—7; P. sp. A., 4—6) and is of no diagnostic 

utility (contra Pilsbry, 1933:11). However, our findings 

confirmed that the central teeth of P. robusta (Figures 

4A-C) have a broader shape (2.85—-3.12, n = 4) than 

those of P. hendersoni (per Pilsbry, 1933:11) and the oth- 

er species (1.79—3.55, n = 13, Figures 4D-L). Our study 

showed that the inner marginal teeth of Natricola species 

do not differ in terms of “notching”’ along the edge of 

the cusp row (contra Pilsbry, 1933:12) or in any other 

respect (Figures S5A—D). We also determined that the 

number of cusps on the outer marginal teeth (Figures 5E— 

H) broadly overlaps among these species (P. robusta, 13— 

29; P. hendersoni, 18-28; P. idahoensis, 18-22; P. sp. 

A., 20—24) and cannot be used to distinguish among them 

(contra Pilsbry, 1933:12). The meristic data for penial 

features overlapped extensively (Table 3) and provided 

no clear basis for differentiating these snails (contra Tay- 

lor, 1982; Hershler, 1994:41), which are closely similar 

in this aspect of morphology (Figure 6). Our study also 

indicated that members of Natricola are closely similar 

in female genitalia (Figure 7). Pyrgulopsis hendersoni 

and P. idahoensis differed little if at all in three of the 

characters previously used to distinguish these species 

(shape of bursa copulatrix, position of bursal duct and 

seminal receptacle; Hershler, 1994:41). The fourth char- 

acter, a second well developed oviduct coil, was found to 

be more commonly present in P. idahoensis (all five spec- 

imens) than in P. hendersoni (three of five specimens) 

(per Hershler, 1994). Our findings did not confirm that P. 

robusta has a broader bursa copulatrix than other Natri- 

cola species (contra Hershler, 1994:63). We also deter- 

mined that the “‘anterior capsule gland vestibule” used to 

distinguish P. robusta (Hershler, 1994:63) was variably 
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Figure 4. Central radular teeth of Natricola species. A-C. P. robusta, USNM 874185. D-E P. hendersoni, USNM 874386. G-I, P. 

idahoensis, ALBRCIDA 7568. J-L, P. sp. A, USNM 883873. Scales 10 wm. 
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Figure 5. Marginal (A—D, inner; E—-H, outer) radular teeth of Natricola species. A, E. P. robusta, USNM 874185. B, FE P. hendersoni, 

USNM 874386. C, G. P. idahoensis, ALBRCIDA 7568. D, H. P. sp. A, USNM 883873. Scales = 10 pm. 

expressed in this and the other species of Natricola (not 

figured). Other potentially useful female genitalic char- 

acters (e.g., length and width of bursal duct) were vari- 

able within and overlapping among species (Figure 7). 

Genetics 

Sequences are deposited in GenBank (Accession Num- 

bers AY379424—AV379477). The alignment of sequences 

from the partial COI gene yielded 619 bp, of which 62 

sites were variable (10.0%), and 53 were parsimony in- 

formative (8.6%). The MP analysis of these data yielded 

six trees of 75 steps (CI = 0.85), one of which is shown 

in Figure 8. All of these trees depicted a strongly sup- 

ported Natricola clade that was sister to P. intermedia, 

which lives in Snake River drainage of southeast Oregon 

(Tryon, 1865). Groupings of populations within the Na- 

tricola clade varied among these trees and were neither 

strongly supported, nor entirely consistent with species 

assignments (e.g., varied positions of P. sp. A sequences). 

The NJ and ML (not figured) topologies were entirely 

congruent in all of the above respects. Differences be- 

tween haplotypes of species of Natricola ranged from P 

= 0.0-0.8% (0-5 bp). In one case a (single) haplotype 

was shared among two species (P. robusta, P. sp. A). 

Species assigned to Natricola were differentiated from P. 

intermedia by 2.6—3.1% (16-19 bp) and from the other 

outgroups by 3.4—6.9% (21—43 bp). 

Homologous nucleotide sequences from the partial 18S 

rDNA gene, the complete ITS-1 region, and the partial 

5.8S gene were obtained from each specimen. The 3” end 

of the 18S ribosomal gene is highly conserved and there- 

fore easily recognizable. Only one of the 133 nucleotides 

of this gene was variable. Average base frequencies for 

18S were 27.1% A, 24.8% T, 18.0% C, and 30.0% G. Of 

the 52-54 nucleotides of the 5.8S rRNA gene, four were 

variable (two substitutions and two indels). Average base 

frequencies for 5.8S were 26.4% A, 29.6% T, 26.8% C, 

17.2% G. The length of ITS-1 varied from 382 bp in P. 

imperialis to 451 bp in P. intermedia. Average base fre- 

quencies for ITS-1 were 20.1% A, 25.7% T, 25.6% C, 

and 28.8% G. The total aligned data matrix including 

indels (insertion/deletions) was 689 bp, of which 67 sites 
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Figure 6. Penis of Natricola species. A. P. robusta, USNM 874185. B. P. hendersoni, USNM 874386. C. P. idahoensis, USNM 

1011032. D. P. sp. A, USNM 883873. Scales = 1.0 mm. D1 = gland on DDL, DDL = dorsal distal lobule, DPL = dorsal proximal 

lobule with glandular strip, Dr = anterior glandular strip, T = terminal gland, VL = ventral lobule. 

were variable (9.7%) and 49 (7.1%) were parsimony in- 

formative. The MP analysis of these data yielded a single 

tree of 84 steps (CI = 0.93), which is shown in Figure 

9. As was the case for the COI dataset, a Natricola clade 

was resolved with high bootstrap support (98%) and was 

depicted as sister to P. intermedia. The Natricola clade 

was weakly structured and sub-groupings were little con- 

gruent with species assignments. The NJ and ML trees 

(not figured) also depicted a strongly supported yet weak- 

ly structured Natricola clade, and differed from the MP 

tree only in terms of relationships among outgroups. Per- 

cent uncorrected p distances (with gaps treated as missing 

data) among genotypes of Natricola species ranged from 

0.0—0.6% (O—4 bp). Each of these species shared one or 

more genotypes with at least one other member of the 

subgenus. Species of Natricola were differentiated from 

P. intermedia by 0.47—0.79% (3-5 bp) and from the rest 

of the outgroups by 2.81—4.28% (17-24 bp). 

Inasmuch as COI and ITS-1 sequences yielded highly 

congruent results, we did not perform a combined anal- 

ysis of these datasets. Noncoding DNA sequences fre- 

quently are more variable than coding regions and there- 

fore have been considered an appropriate marker for stud- 

ies of lower taxonomic levels (Smith & Klein, 1994). 

Note, however, that in our study ITS-1 was less variable 

than the COI coding region with respect to members of 

the Natricola clade (five vs. eight substitutions, respec- 

tively) and provided a weaker signal in resolving the phy- 

logenetic relationships among these snails. 

DISCUSSION 

Our findings indicated that species of Natricola are very 

closely similar morphologically. The only significant dif- 

ference that we found in external features typically used 

to diagnose species of Pyrgulopsis (e.g., shell, penis; Her- 

shler, 1994) was the slender shell of P. idahoensis. How- 

ever, the taxonomic significance of this difference may 

be debated given its overlap among species (Table 2; also 

see Taylor & Smith, 1981: table 1, fig. 6) and the possi- 
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Figure 7. Distal female genitalia of Natricola species. Bursa copulatrix variation is shown to the right. A-D. P. robusta, USNM 

874185. E-H. P. hendersoni, USNM 883549. I-L. P. idahoensis, USNM 1011032. M-O. P. sp. A, USNM 883873. Scale = 0.5 mm. 

Ag = albumen gland; Bu = bursa copulatrix, Co = coiled oviduct; Dbu = bursal duct; Sr = seminal receptacle. 

bility that variation in shell features within Natricola may 

be influenced by ecological factors (e.g., spring vs. riv- 

erine habitat; Taylor & Smith, 1981). We also found only 

a single consistent anatomical difference among these 

snails, the broad central radular teeth of P. robusta. 

Our findings from two independent sources of genetic 

variation confirmed a close phylogenetic relationship be- 

tween the species of Natricola, which were congruently 

resolved as a strongly supported clade. However, these 

species were not well supported as monophyletic units, 

and the level of distinctiveness among them (0.0—0.8%, 

based on COI) is within the range of intra-specific genetic 

distances of other species of Pyrgulopsis. (Note that these 

same patterns were observed in our [unpublished] anal- 

ysis of a substantially larger number of sequences of these 

species; Hershler & Liu, 2003). In comparison, sequence 

divergence among 68 other congeners for which we have 

COI data ranged from 1.18—12.21% (Liu & Hershler, in 

preparation). COI divergence between species of Natri- 

cola is also low relative to values documented for other 

freshwater molluscan congeners—e.g., 1.3-14.8% in 

Tryonia (Gastropoda: Cochliopidae) (Hershler et al., 

1999), 1.2-14.5% in Potamilus (Bivalvia: Unionidae) 

(Roe & Lydeard, 1998), and 3.8-15.0% in Lasmigona 

(Bivalvia: Unionidae) (King et al., 1999). Divergence of 

Natricola species based on ITS-1 sequences (O—0.6%) is 

also very low in comparison to values among other con- 

geners (5.9-20.4% for 16 species; Kepes, 2003). 

A recent mtDNA survey of another widely distributed 

congener, P. micrococcus, revealed significant sequence 

divergence (up to 10.59%) among 65 specimens from 29 

populations in five different drainage basins (Liu et al., 
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Figure 8. One of six minimum length topologies generated by 

maximum parsimony analysis of the COI nucleotide matrix. 

Bootstrap percentages > 50% are shown. The Natricola clade is 

indicated by dotted lines. 

2003). Haplotypes were resolved among five well sup- 

ported clades. Based on the amount of sequence diver- 

gence and the inferred phylogenetic relationships of these 

populations, the authors concluded that P. micrococcus is 

a complex which includes as many as seven or eight pre- 

viously undescribed species. This study demonstrated the 

utility of the COI gene for phylogenetic resolution of Pyr- 

gulopsis at the species level. 

Three independent data sets (morphology, mitochon- 

drial, and nuclear DNA sequences) congruently suggest 

that these four Natricola snails do not merit recognition 

as distinct species according to various currently applied 

concepts of this taxonomic rank (summarized in Mayden, 

1997). These snails instead should be treated as a single 

species, whose correct (e.g., oldest available) name is P. 

robusta (= Pomatiopsis robusta Walker, 1908). As newly 

constituted herein, this species has a considerably broader 

distribution than most other congeners. Note, however, 

that in contrast with this snail, which has had opportu- 

nities to disperse within relatively continuous riverine 

habitat, most other members of Pyrgulopsis are restricted 

to small, isolated springs and streams. Although a treat- 

ment of biogeographic history of these species is beyond 

the scope of this paper (and will be presented elsewhere), 

we nonetheless note that spread of progenitors among 

currently inhabited areas may also have been facilitated 
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e3Sp. Al 
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5 changes 

Figure 9. Tree topology produced by maximum parsimony 

analysis of the ITS-1 nucleotide matrix. Bootstrap percentages > 

50% are shown. The Natricola clade is indicated by dotted lines. 

by regional flooding (Baker & Bunker, 1985; O’Connor, 

1993) and integration of Snake River and Oregon Great 

Basin drainages (Taylor, 1985:309) during the late Pleis- 

tocene. 

The taxonomic change proposed herein has important 

conservation implications given the federally listed status 

of P. idahoensis (Idaho springsnail). This taxon, which is 

restricted to portions of the middle Snake River, is dis- 

tributed in an allopatric fashion with respect to other pop- 

ulations that we consider to be conspecific (Figure 1). 

Although it is possible that the distribution of snails in 

the Snake-Columbia River is underestimated because of 

incomplete sampling, genetic exchange between the mid- 

dle Snake River and other populations is nonetheless pre- 

sumably precluded by the presence of natural (e.g., falls) 

and man-made (e.g., dams) barriers. The absence of con- 

temporary gene flow is further suggested by two fixed 

nucleotide differences in COI which distinguish the mid- 

dle Snake River populations. Application of a recently 

proposed COI calibration rate for hydrobiid snails (1.8% 

divergence per million years; Wilke, 2003) implies that 

divergence of the middle Snake River populations (0.3— 

0.8% for COI) minimally occurred 0.16 Ma. However, 

despite this possibly substantial history of isolation, di- 

vergence of this and the other three groups of populations 

has not yet proceeded to the point of reciprocal mono- 

phyly and thus the Idaho springsnail does not merit rec- 
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Figure 10. Type specimens of Pyrgulopsis robusta and its junior synonyms. A. P. robusta, Jackson Lake, Wyoming (holotype, UIMNH 

Z17982). B. P. hendersoni, south of Burns, Oregon (holotype, ANSP 145951). C. P. idahoensis, Homedale, Idaho (lectotype, ANSP 

152677). Scale = 1.0 mm. 

ognition as a separate evolutionarily significant unit 

(ESU) in accordance with the commonly applied defini- 

tion of Moritz (1994). The middle Snake River popula- 

tions may more appropriately be treated as a “‘manage- 

ment unit” (of P. robusta), which has been defined as 

populations having significant divergence at nuclear or 

mitochondrial loci irrespective of phylogenetic distinc- 

tiveness (Moritz, 1994). 

TAXONOMY 

Superfamily RISSOOIDEA 

Family HyDROBIIDAE 

Pyrgulopsis Call & Pilsbry, 1886 

Pyrgulopsis Call & Pilsbry, 1886:9 [type species: Pyrgula 

nevadensis Stearns, 1883, by original designation]. 

Fontelicella Gregg & Taylor, 1965:103 [type species: Fon- 

telicella californiensis Gregg & Taylor, 1965, by origi- 

nal designation]. 

Natricola Gregg & Taylor, 1965:108 [type species: Poma- 

tiopsis robusta Walker, 1908, by original designation; 

proposed as a subgenus of Fontelicella}. 

Microamnicola Gregg & Taylor, 1965:109 [type species: 

Amnicola micrococcus Pilsbry in Stearns, 1893, by 

original designation; proposed as a subgenus of Fontel- 

icella]. 

Savaginius Taylor, 1966:130 [type species: Paludestrina 

nanna Chamberlain & Berry, 1933; original designa- 

tion]. 

Mexistiobia Hershler, 1985:46 [type species: Mexistiobia 

manantiali Hershler, 1985; original designation]. 

Apachecoccus Taylor, 1987:32 [type species: Apachecoccus 

arizonae Taylor, 1987; original designation]. 

Yaquicoccus Taylor, 1987:34 [type species: Yaquicoccus 

bernardinus Taylor, 1987; original designation]. 

Pyrgulopsis robusta (Walker, 1908) 

Jackson Lake Springsnail 

Pomatiopsis robusta Walker, 1908:97, unlabeled figure 

(shell) (Jackson Lake, Wyoming; holotype, UIMNH 

Z17982, 6.3 X 3.5 mm, Figure 10A). 

Amnicola robusta.—Pilsbry, 1933:9—10, plate 2, figs. 1 (rad- 

ula), 7, 8 (shells). 

Amnicola hendersoni Pilsbry, 1933:10—11, plate 2, figs. 2 

(radula), 9, 10 (shells) (south of Burns, Oregon; holo- 

type, ANSP 145951, 4.95 x 2.85 mm, Figure 10B). 

Amnicola idahoensis Pilsbry, 1933:11—12, plate 2, figs. 3 

(radula), 4, 5 (shells) (Homedale, Owyhee County, Ida- 

ho; lectotype, ANSP 152677, 6.1 xX 2.95 mm, Figure 

10C). 

Fontelicella (Natricola) robusta.—Gregg & Taylor, 1965: 

109. 

Fontelicella (Natricola) hendersoni.—Gregg & Taylor, 

1965:109.—Taylor & Smith, 1981:table 1, figure 6 

(shell data). 

Fontelicella (Natricola) idahoensis.—Gregg & Taylor, 1965: 

109.—Taylor & Smith, 1981:table 1, figure 6 (shell 

data).—Taylor, 1982:1—12, table 1 (penial data), unla- 

beled figure (shell, operculum, penis). 

F.[ontelicella] [Natricola] sp.—Taylor & Smith, 1981:352 

(Abert Lake basin record). 

Pyrgulopsis hendersoni.—Hershler & Thompson, 1987: 

29.—Hershler, 1994:40-—41, figs. 16 (a, b, shell; c, d, 
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operculum), 36a (central radular teeth), 46f (penis).— 

Hershler, 1998:98—99 (new record, Abert Lake basin). 

Pyrgulopsis idahoensis.—Hershler & Thompson, 1987: 

29.—Hershler, 1994:41—42, figs. 16 (e, shell; f,g. oper- 

culum), 36b (central radular teeth), 47a (penis). 

Pyrgulopsis robusta.—Hershler & Thompson, 1987:30.— 

Hershler, 1994:62—63, figs. 5f (female genitalia), 24 (d, 

shell; e, f, operculum), 39c (central radular teeth), 50d 

(penis). 

Diagnosis: Shell large for genus; usually ovate- to nar- 

row-conic, rarely subglobose; whorls weakly to moder- 

ately convex. Penial lobe and filament about equal in 

length; dorsal proximal lobule well developed, usually 

overlapping base of filament and often borne on weak 

swelling proximally; terminal gland elongate, transverse; 

dorsal distal lobule well developed, usually bearing one 

or a series of small glands; ventral lobule usually well 

developed and bearing a large gland. 

Description: Emended from that of Hershler (1994). 

Shell ca. 4.6—7.5 mm tall, shell height/shell width 1.48— 

2.10, shell height/aperture height 1.98—3.38, whorls 4.5— 

6.25 (Table 2). Shell clear-white, periostracum tan. Pro- 

toconch 1.3—1.4 whorls, smooth throughout or with apical 

section weakly wrinkled. Teleoconch whorls often shoul- 

dered, typically sculptured with well developed, collabral 

growth lines; body whorl rarely having weak basal an- 

gulation (Figure 2H), often sculptured with numerous 

faint spiral threads. Aperture ovate, weakly angled above. 

Inner lip complete in larger specimens, often slightly 

thickened, broadly adnate to slightly disjunct. Outer lip 

orthocline or prosocline. Shell narrowly umbilicate. 

Operculum ovate, multispiral; nucleus eccentric. Outer 

surface smooth or with whorl edges weakly frilled (Fig- 

ure 3A). Edges of attachment scar sometimes moderately 

thickened (Figure 3D); central portion of attachment re- 

gion (callus) sometimes slightly raised (Figure 3B). 

Central radular teeth (Figure 4) with hoelike to weakly 

pointed central cusps; lateral cusps, three to seven; single 

pair of basal cusps well developed. Basal tongue of cen- 

tral teeth broad V-shaped, base a little shorter than distal 

ends of lateral margins. Central cusp of lateral teeth 

broad, hoelike, lateral cusps, one to four (inner side), two 

to five (outer side); outer wing a little longer to a little 

shorter than height of tooth face. Inner marginal teeth 

with 16—25 cusps. Outer marginal teeth with 17—29 cusps; 

outer edge having long rectangular wing (Figures 5E—H). 

Dark pigment present on head, pallial roof, and visceral 

coil. Ctenidium well developed; filaments 32—36, broad; 

osphradium elongate. Stomach with large posterior cae- 

cum. 

Testis large, overlapping stomach anteriorly. Prostate 

gland with large pallial section; pallial vas deferens with 

prominent proximal bend. Penis medium to large; base 

rectangular, sometimes weakly folded along inner edge 

(Figure 6A); filament medium length, tapering, horizontal 

(Figure 6D) or oblique (Figure 6A); lobe medium length, 
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broad. Terminal gland often largely restricted to ventral 

surface of distal edge of lobe, rarely divided into multiple 

units. Dorsal proximal lobule (= Dg1 of Hershler, 1994) 

elongate, rarely split into multiple units, often flanked on 

inner side by one-five small glandular units. Dorsal distal 

lobule usually raised and bearing a small glandular unit 

(= Dg3 of Hershler, 1994), often accompanied by addi- 

tional glandular units extending to inner edge (Figure 

6C). Ventral lobule sometimes having second glandular 

unit (Figure 6D); additional gland also sometimes present 

on distal portion of ventral penis. 

Ovary fairly large (> 1.0 whorl), overlapping stomach 

anteriorly. Renal oviduct of two small, broadly overlap- 

ping, posterior oblique loops, proximal coil sometimes 

only weakly kinked (Figure 7E). Bursa copulatrix medi- 

um sized (relative to albumen gland); ovate, pyriform, or 

elongate; largely overlapped by albumen gland. Bursal 

duct short, variable in width (Figures 7C, L). Seminal 

receptacle narrow or fingerlike, variably positioned on al- 

bumen gland, overlapping anterior half of bursa copula- 

trix. Albumen gland entirely visceral or with very short 

pallial section. Capsule gland of two glandular units. 

Genital opening a subterminal slit. 

Material examined: IDAHO. Elmore County: Snake River, 

river mile 473.8 (ALBRCIDA 7568).—Snake River, river 

mile 489.5 (USNM 1011032). OREGON. Harney County: 

South Fork Malheur River, below South Fork Reservoir 

(USNM 892179).—Lower Sizemore Spring, Harney Lake 

basin (USNM_ 874386)—Barnyard Spring, Harney Lake 

basin (USNM 883549). Lake County: spring, XL Ranch, 

Lake Abert basin (USNM 1010534).—spring, near north- 

west corner of Lake Abert (USNM 883547). Wasco County: 

Columbia River, Celilo Park (USNM 883873, USNM 

1010533). WYOMING. Teton County; Polecat Creek, west 

of Flagg Ranch (USNM 874185). 

Distribution: Broadly ranging in the northwestern United 

States, including parts of the Snake-Columbia River basin 

and several closed basins in southeastern Oregon. Habi- 

tats include springs and spring-fed streams as well as 

large rivers. Does not co-occur with other species of Pyr- 

gulopsis, but is sometimes sympatric with other hydrobiid 

snails (e.g., Fluminicola, Taylorconcha). 

Remarks: The synonymy given above is not intended to 

be complete. The reader is referred to Taylor (1975) and 

Hershler (1994) for additional references to P. robusta 

and its junior synonyms. Note that we are also treating 

the previously undescribed snail from the Columbia River 

(Frest & Johannes, 1995:202—203) as P. robusta. Pyr- 

gulopsis robusta is readily distinguished from P. inter- 

media, which is depicted as its sister species based on 

molecular evidence (Figures 8, 9), by several penial fea- 

tures, including a larger penial lobe, presence of a long 

gland along the outer edge of the penis behind the fila- 

ment (dorsal proximal lobule), more elongate transverse 
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gland, and well developed dorsal distal lobule with one 

or more glands. 
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The present authors are currently engaged in a revision of 

the Assimineidae (Fukuda & Ponder, in press; Suzukida & 

Fukuda, in press). There are many undescribed species in 

this family, and confusion surrounds the systematic posi- 

tion and definition of the various genera. The Assimineidae 

can thus be regarded as a “neglected group” (Fukuda & 

Ponder, in press; Suzukida & Fukuda, in press). 

Assiminea Fleming, 1828, the type genus of the Assi- 

mineidae, inhabits marine, esturaine, freshwater, and ter- 

restrial habitats with world-wide distribution (B6éttger, 

1887; Thiele, 1927, 1929; Wenz, 1939; Abbott, 1958), but 

one of the present authors (Fukuda, 1994; Fukuda & Mi- 

toki, 1995, 1996a, b, 1997; Fukuda & Ponder, in press) 

has recently established that Assiminea as defined in pre- 

vious taxonomy is polyphyletic. In Japan, more than 15 

species have been assigned to Assiminea (Higo et al., 

1999), but their systematic status remains obscure. 

In order first to stabilize the definition of two species, 

lectotypes for “‘A.”’ japonica Martens, 1877, and “A.” 

Figure 1. Assiminea japonica Martens, 1877. Shells. a. Lecto- 

type of A. japonica. Yokohama (ZMB 26.705). b. Paralectotype 

of A. japonica. Yokohama (ZMB 102.672). 

lutea (A. Adams, 1861) are here selected. This represents 

the first step in the revision of Japanese assimineids. 

Assiminea japonica Martens, 1877, was described from 

““Yokohama”’ (Kanagawa Prefecture, the Pacific coast of 

central Honshu, Japan). Martens (1877) did not designate 

the holotype of this taxon in his original description. Lat- 

er Fukuda (2000) illustrated one of Martens’ (1877) syn- 

types. Although this species has since become extinct at 

the type locality because of destruction of the original 

Figure 2. Assiminea lutea (A. Adams, 1861). Shells. a. Lectotype of A. /utea. Pei-ho (MV F 31359). b. Paralectotype of A. lutea. Pei- 

ho (MV F 96316). c. Protoconch of another paralectotype of A. /utea. Pei-ho (MV F 96316). 
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Table | 

Shell measurements (mm) for Assiminea japonica and A. lutea. Measurements (see Fukuda & Mitoki, 1995) consist of 

numbers of whorls (No. ws), shell length (L), shell width (W), length of body whorls (Lbw), length and width of 

penultimate whorl (Lpw, Wpw), length of last three whorls (Ll3ws), width of third whorl (W3w), length and width of 

protoconch (Lpc, Wpc), length and width of aperture (Lap, Wap), distance from base of body whorl to abapical end of 

aperture (x) and distance from edge of outer lip to edge of body whorl (y). 

Assiminea japonica Assiminea lutea 

Lectotype Paralectotype 

ZMB 26.705 ZMB 102.672 

(Figure la) (Figure 1b) 

No. ws 5.00 4.50 

L 7.10 5.63 

W 5.30 4.50 

Lbw 5.70 4.90 

Lpw 2.60 1.80 

Wpw 3.40 2.45 

LI3Wws 7.00 5.63 

W3w 1.80 1.40 

Lap 4.20 3.60 

Wap 3.45 2.90 

Lpc eroded eroded 

Wpc eroded eroded 

x 1.00 0.90 

y 0.68 0.55 

Lectotype Paralectotype | Paralectotype 2 

F 31359 F 96316 F 96316 
(Figure 2a) (Figure 2b) (Figure 2c) 

8.00 7.00 8.50 

6.90 6.70 6.90 

4.15 4.10 3.90 

4.80 4.80 4.60 

2.50 2.40 2.50 

2.93 2.85 2.85 

6.25 6.18 6.20 

2.00 2.00 2.00 

3.23 3.30 3.00 

2.70 2.60 2.50 

0.30 eroded 0.25 

0.40 eroded 0.45 

0.55 0.60 0.60 

0.38 0.45 0.50 

environment (Kano & Goto, 1996), it is known to be one 

of the most abundant Japanese “‘Assiminea” (Fukuda, 

1994; Suzukida & Fukuda, in press). It has also been 

reported from the Korean Peninsula, China, and the Mar- 

itime (Primoriye) Province of Russia (Habe, 1961, 1973; 

Habe & Kosuge, 1967; Kwon et al., 1993). However, Su- 

zukida & Fukuda (in press) have established that at least 

11 different species have been erroneously cited as “A. 

japonica” in previous literature. The present lectotype 

designation for A. japonica is thus necessary to enable 

the correct identification. Two syntypes of A. japonica 

deposited in the Institute of Systematic Zoology, Museum 

fiir Naturkunde, Berlin (ZMB 102.672 and ZMB 26.705) 

were examined. They are all of the syntypes which we 

have found. Both shells are globose and dark brown with 

a low spire. The larger specimen (7.10 mm in shell 

length; Figure la) is here designated as the lectotype. 

Measurements of these two specimens are shown in Table 

1. The species identifiable with the lectotype of A. japon- 

ica is widely distributed from southern Hokkaido to 

southern Kyushu and lives around reed marshes on es- 

tuaries (Suzukida & Fukuda, in press). 

Assiminia (sic) lutea A. Adams, 1861, was described 

from “‘the estuary of the Pei-ho.”’ The description by A. 

Adams (1861) was quite short, and there was no illustra- 

tion and no clear statement about type designation. The 

Pei-ho is now Baihe, Hebei, northern China according to 

Yen (1939) and Habe (1943), but further details (e.g., 

habitat) are not known. Habe (1943) stated that this spe- 

cies is distributed in northern and central China, Guang- 

dong, Hong Kong, and Taiwan. Kuroda & Habe (1960) 

regarded Assiminea japonica as a subspecies of A. lutea, 

a view supported by several Japanese authors (e.g., Habe 

& Kosuge, 1967; Habe, 1973; Shinkawa, 1980; Fukuda, 

1992). Three specimens from Pei-ho in the Adams col- 

lection of the National Museum of Victoria, Australia 

(MV F 31359 and F 96316) were recently examined. 

There are many of Adams’ type specimens in the Mu- 

seum (Boyd & Phillips, 1985) and the present specimens 

are among them. We have found only these specimens as 

the syntypes of A. lutea. These three specimens agree 

well with the original description in conchological char- 

acters. The specimen (Figure 2a) of 6.90 mm in shell 

length and 4.15 mm in shell width is here selected as the 

lectotype of A. lutea because the protoconch of one (Fig- 

ure 2b) of the paralectotypes is eroded and another was 

gold-coated for SEM examination (Figure 2c). Measure- 

ments of these three specimens are shown in Table 1. 

These specimens have a far taller spire than A. japonica, 

far broader brown spiral bands, and a protoconch with 

distinct spiral ribs (Figure 2c). The protoconchs of A. ja- 

ponica and the closely allied Japanese species lack sculp- 

ture. Based on the foregoing characters, A. /utea is clearly 

distinguishable from A. japonica. 

Assiminea grayana Fleming, 1828, the type species of 

Assiminea, is quite different from “‘A.”’ japonica and 

“A.” lutea in protoconch sculpture (Fukuda, in prepara- 

tion). The anatomy (e.g., reproductive, digestive, and ner- 

vous systems) is also different. We will establish the ge- 

neric status of these two taxa in a future study. 



Page 84 

Acknowledgments. We wish to express our gratitude to Fusao 

Nakasuji (Okayama University) for his useful suggestions. Spe- 

cial thanks are due to Matthias Glaubrecht (Museum fur Natur- 

kunde, Berlin) and Suzanne Boyd (National Museum of Victoria) 

who kindly loaned us the specimens of the present two taxa. Paul 

Callomon (Academy of Natural Sciences of Philadelphia) pa- 

tiently helped us with the English language. Shigeo Hori (Hagi 

City Museum) provided us with useful literature. 

Literature Cited 

ABBOTT, R. T. 1958. The gastropod genus Assiminea in the Phil- 

ippines. Proceedings of the Academy of Natural Sciences of 

Philadelphia 110:213—277, pls. 15-25. 

ADAMS, A. 1861. On some new genera and species of Mollusca 

from the North of China and Japan. Annals and Magazine 

of Natural History, Series 3, 8:299—309. 

BOTTGER, O. 1887. Aufzahlung der zur Gattung Assiminea Flem- 

ing gehorigen Arten. Jahrbiicher der Deutschen Malako- 

zoologischen Gesellschaft 14:147—234, pl. 6. 

Boyp, S. E. & J. U. PHILLIPS 1985. Molluscan types in the Mu- 

seum of Victoria. Occasional Papers from the Museum of 

Victoria 2:37—-64. 

FukubA, H. 1992. Representative molluscan species of Yama- 

guchi Prefecture. Pp. 44-95 in T. Mitoki (ed.), Review of 

the Molluscan Fauna of Yamaguchi Prefecture, Western Ja- 

pan. Yamaguchi Museum: Yamaguchi. 

Fuxuba, H. 1994. Estuarine mollusks of the Edogawa Drain, 

central Honshu, Japan. Science Reports of the Takao Mu- 

seum of Natural History 16:1-14. 

Fuxuba, H. 2000. Gastropods I—general remarks. Pp. 100-137 

in M. Sato (ed.), Life in Ariake Sea: Biodiversity in Tidal 

Flats and Estuaries. Kaiyusha Publishing Co. Ltd.: Tokyo. 

Fuxupba, H. & T. Miroxt. 1995. A revision of the family Assi- 

mineidae (Mollusca: Gastropoda: Neotaenioglossa) stored in 

the Yamaguchi Museum. Part 1: subfamily Omphalotropi- 

dinae. Bulletin of the Yamaguchi Museum 21:1—20. 

Fuxuba, H. & T. Mitoxt. 1996a. A revision of the family Assi- 

mineidae (Mollusca: Gastropoda: Neotaenioglossa) stored in 

the Yamaguchi Museum. Part 2: Subfamily Assimineinae (1) 

Two Species from Taiwan. Bulletin of the Yamaguchi Mu- 

seum 22:1-11. 

Fuxupba, H. & T. Mitoxt. 1996b. A revision of the family As- 

simineidae (Mollusca: Gastropoda: Neotaenioglossa) stored 

in the Yamaguchi Museum. Part 3: Subfamily Assimineinae 

(2) Angustassiminea and Pseudomphala. The Yuriyagai 4: 

109-137. 

Fukupba, H. & T. Miroxt. 1997. A revision of the family Assi- 

mineidae (Mollusca: Gastropoda: Neotaenioglossa) stored in 

the Yamaguchi Museum. Part 4: Subfamily Assimineinae (3) 

The Veliger, Vol; 47; Nom 

“Assiminea” parasitologica. Bulletin of the Yamaguchi Mu- 

seum 23:18. 

Fukuba, H. & W. FE Ponper. In press. Australian freshwater as- 

simineids with a synopsis of the Recent genus-group taxa of 

the Assimineidae (Mollusca: Caenogastropoda: Rissooidea). 

Journal of Natural History. 

Habe, T. 1943. Supplemental notes with corrections on the Jap- 

anese Assimineidae. Venus 13:96—106. 

HaseE, T. 1961. Coloured Illustrations of the Shells of Japan (II). 

Hoikusha Publishing Co. Ltd.: Osaka. 2+ viit+ 182+ 46 pp., 
66 pls. 

HaseE, T. 1973. Mollusca. Pp. 309-341 in M. Ueno (ed.), The 

Late Tamiji Kawamura Freshwater Biology of Japan, En- 

larged and Revised Edition. Hokuryakan Publishing Co. 

Ltd.: Tokyo. 

Hase, T. & T. Kosuge. 1967. Common Shells of Japan in Colour. 

Hoikusha Publishing Co. Ltd.: Osaka. xviii+ 223 pp., 64 
pls. 

Hico, S., P. CALLOMON & Y. Goto. 1999. Catalogue and Bibli- 

ography of the Marine Shell-Bearing Mollusca of Japan. Elle 

Scientific Publications: Yao. 4 + 750 pp. 

Kano, Y. & Y. Goto. 1996. Land mollusks of Yokohama City, 

Kanagawa Prefecture, central Japan. Reports of the Kana- 

gawa Natural Preservation Society 14:43-106. 

Kuropa, T. & T. HABE. 1960. Assiminea lutea japonica. P. 54 in 

K. Okada, S. Uchida & T. Uchida (eds.), New Illustrated 

Encyclopedia of the Fauna of Japan. Hokurytikan Publishing 

Co. Ltd.: Tokyo. 

Kwon, O. K., G. M. Park. & J. S. Lee. 1993. Coloured Shells 

of Korea. Academy Publishing Company: Seoul. 446 pp. 

Martens, E. von. 1877. Ubersicht iiber die von Hilgendorf und 

Donitz in Japan gesammelten Binnen-Mollusken. Sitzungs- 

berichte der Gesellschafte Naturforschender Freunde zu Ber- 

lin 17:97-123. 

SHINKAWA, H. 1980. Tidal-River Shells in Hiroshima Prefecture. 

Keisuisha Publishing Co. Ltd.: Hiroshima. iv+ iii+ 150 pp. 

SUZUKIDA, K. & H. FukupDa. In press. Systematics and conser- 

vation of the cryptic species comprising ““Assiminea japon- 

ica” (Mollusca: Gastropoda: Assimineidae). Records of the 

South Australian Museum. 

THIELE, J. 1927. Uber die Schneckenfamilie Assimineidae. Zool- 

ogische Jahrbiicher, Abteilung fiir Systematik, Okologie and 

Geographie Tiere 53:114—146, pl. 1. 

THIELE, J. 1929. Handbuch der Systematischen Weichtierkunde. 

Vol. 1. Gustav Fischer: Jena. 376 pp. 

WENZ, W. 1939. Handbuch der Palaéozoologie. Vol. 6. Borntrae- 

ger: Berlin. 720 pp. 

YEN, T.-C. 1939. Die chinensischen land- und siiBwasser- gastro- 

poden des Natur-Museums Senckenberg. Abhandlungen der 

Senckenbergischen Naturforschenden Gesellschaft 444:1— 

234, pls. 1-16. 

Note to Subscribers 

Tipped into this issue of The Veliger is a title page for Volume 46. In issue no. 4 of that volume, 

the title page was by error printed on back of a page containing article text, which would present 

difficulty for a bookbinder wishing to place it at the head of the volume. We regret any inconvenience 

and here provide a new title page for that purpose. Additional copies of the title page are available as 

._pdf files at the Veliger web site, www.theveliger.org. 



Information for Contributors 

Manuscripts 

Manuscripts must be typed, one side only, on A4 or 
equivalent (e.g., 8%” * 11”) white paper, and double-spaced 

throughout, including references, figure legends, footnotes, 
and tables. All margins should be at least 25 mm wide. 
Number the pages. Text should be ragged right (i.e., not full 
justified). Avoid hyphenating words at the right margin. 
Manuscripts, including figures, should be submitted in trip- 
licate. The first mention in the text of the scientific name 
of a species should be accompanied by the taxonomic author- 
ity, including the year. Underline scientific names and other 
words to be printed in italics; no other manipulation of type 
faces is necessary on the manuscript. Metric and Celsius units 
are to be used. For aspects of style not addressed here, please 
see a recent issue of the journal. 

The Veliger publishes in English only. Authors whose first 
language is not English should seek the assistance of a col- 
league who is fluent in English before submitting a manu- 
script. 

In most cases, the parts of a manuscript should be as 
follows: title page, abstract, introduction, materials and 
methods, results, discussion, acknowledgments, literature 
cited, figure legends, footnotes, tables, and figures. The title 
page should include the title, authors’ names, and addresses. 
The abstract should be less than 200 words long and should 
describe concisely the scope, main results, and conclusions 
of the paper; it should not include references. An abstract 
should “show, not tell”; e.g., not “lengths were recorded” 
but “lengths ranged from 5.0 mm to 7.5 mm.” 

Literature cited 

References in the text should be given by the name of 
the author(s) followed by the date of publication: for one 

author (Phillips, 1981), for two authors (Phillips & Smith, 
1982), and for more than two (Phillips et al., 1983). 

The Literature Cited section should include all (and 

only) references cited in the text, listed in alphabetical order 
by author. No citation is needed when author and date are 

given only as authority for a taxonomic name. Each cita- 
tion must be complete, with all journal titles wnabbreviat- 

ed, and in the following forms: 

a) Periodicals: 

Hickman, C. S. 1992. Reproduction and development of 
trochacean gastropods. The Veliger 35:245—272. 

b) Books: 

Bequaert, J. C. & W. B. Miller. 1973. The Mollusks of 
the Arid Southwest. University of Arizona Press: Tuc- 
son. xvi + 271 pp. 

c) Composite works: 

Feder, H. M. 1980. Asteroidea: the sea stars. Pp. 117-135 
in R. H. Morris, D. P. Abbott & E. C. Haderlie (eds.), 
Intertidal Invertebrates of California. Stanford Univer- 
sity Press: Stanford, Calif. 

Tables 

Tables must be numbered and each typed on a separate 
sheet. Each table should be headed by a brief legend. Avoid 
vertical rules. 

Figures and plates 

Figures must be carefully prepared and submitted ready 
for publication. Each should have a short legend, listed on 
a sheet following the literature cited. Text figures should be 
in black ink and completely lettered. Keep in mind page 

format and column size when designing figures. Photo- 
graphs for halftone reproduction must be of good quality, 

trimmed squarely, grouped as appropriate, and mounted on 
suitably heavy board. Where appropriate, a scale bar may 
be used in the photograph; otherwise, the specimen size 
should be given in the figure legend. Photographs should 
be submitted in the desired final size. 

Clear xerographic copies of figures are suitable for re- 
viewers copies of submitted manuscripts. It is the author's 
responsibility to ensure that lettering will be legible after 
any necessary reduction and that lettering size is appropriate 
to the figure. 

Use one consecutive set of Arabic numbers for all illus- 

trations (that vis, Figures l,'2, 3.4; mot Figure la, 1b, Je..., 

nor Plate: 1) fig- 1.5). 

Processing of manuscripts 

Each manuscript is critically evaluated by at least two 
reviewers. From these evaluations the editor makes a pre- 

liminary decision of acceptance or rejection. The editor’s 
decision and the reviewers’ comments are sent to the cor- 

responding author for consideration and further action. 

Unless requested, only one copy of the final, revised man- 
uscript needs to be returned to the editor. The author is 

informed of the final decision and acceptable manuscripts 
are forwarded to the printer. The author will receive proofs 

from the printer. One set of corrected proofs should be 

returned promptly to the editor after review. Changes other 
than the correction of printing errors will be charged to the 

author at cost. 
An order form for the purchase of reprints will accom- 

pany proofs. Reprints are ordered directly from the printer. 

Common errors of presentation 

The following errors of presentation or interpretation are 

so common (particularly in taxonomic manuscripts) that they 

are worth pointing out here. Attention to these points will 

increase a manuscript’s chances of acceptance: 

Do not confuse raw similarity (observational, objective) 
with phylogenetic relationship (inferential, interpretive). The 

term “affinity” should not be used when “similarity” or “phy- 
logenetic relationship” is meant. Avoid using “close” as an 

adjective denoting resemblance. 

A two-taxon statement, e.g., “{Taxon A] is closely relat- 

ed to [Taxon B]}”, is meaningless. The minimal form of such 

statement with any significance is [Taxon A] and [Taxon B] 
are more closely related to each other than either is to [Taxon 
Eliz 

Do not refer to taxa as “advanced” (or “apomorphic”) or 

primitive” (or “plesiomorphic”). Apomorphy and_ple- 

siomorphy are attributes of character-states, not of taxa 
(which are generally mosaics of apomorphies and_ple- 
siomorphies; cf. de Queiroz, K. 1988, Philosophy of Science 
55:238-259; O’Hara, R. J. 1992, Biology & Philosophy 
7:135-160). 

The formula “Xus (=Yus)” to designate synonymy is 

ambiguous; it is not clear whether the writer accepts Xus 

or Yus as the valid name. In the former case, write “Xus 
(synonym: Yus)” and in the latter write “Xus (correctly known 

as Yus)”; or avoid the construction altogether. 

« 

Authors’ contributions 

There are no mandatory page costs to authors lacking 

financial support. Authors with institutional, grant, or other 

research support will be billed for page charges at the rate 

of $50 per printed page (2.5 double-spaced manuscript pages 
normally equal one printed page). Authors who must pay 
from their personal funds will be billed at $20 per page. 

This request is made only after the publication of a paper; 
these contributions are unrelated to the acceptance or rejec- 
tion of a manuscript, which is entirely on the basis of merit. 
Because these contributions by individual authors are vol- 

untary, they may be considered by authors as tax-deductible 

donations to the California Malacozoological Society, Inc., 
to the extent allowed by law. Authors for whom even the 
$20 per page contribution would present a financial hard- 

ship should explain this in a letter to the editor. The edi- 

torial board will consider this an application for a grant to 

cover the publication costs. Authors whose manuscripts 

include very large tables of numbers or extensive lists of 

(e.g.) locality data should contact the editor regarding pos- 
sible electronic archiving of this part of their paper rather 
than hard-copy publication. 

Submitting manuscripts 

Send manuscripts, proofs, books for review, and corre- 

spondence on editorial matters to Dr. Barry Roth, Editor, 

745 Cole Street, San Francisco, CA 94117, USA. 



wii i 
72 

Taxonomic reappraisal of species assigned to the North American freshwater gastropod sub- 

genus /Natricola (Rissooidea: Hydrobiidae) 

ROBERT FLERSHEERVANID) TeLSIU= IAIN Geni ee al ereatattot tyes ea ea aiiey Ovuueepieta i haves earn toy ae ae 66 

NOTES, INFORMATION & NEWS 

Lectotype designations for two east Asian species of Assimineidae (Gastropoda: Rissooidea) 

KOHE! SUZUMIDA AND) TIIROSHI RUKIA) aoe ctepereiel= i eka ch \aier aye cies (eon a eee 82 



Gon 
+O | 
V4 XxX 
NOW ES 

Wee 

VELIGER “= 
A Quarterly published by 

CALIFORNIA MALACOZOOLOGICAL SOCIETY, INC. 

Berkeley, California 

R. Stohler (1901-2000), Founding Editor 

Volume 47 

<1 LAT CRT 
poe LIC Cy 
ESN US 4 a) 

y i | 1 

¢ 

H 

ISSN 0042-3211 

April 30, 2004 

CONTENTS 

Impact of the non-native macroalga Codium fragile (Sur.) Hariot ssp. tomentosoides (van Goor) 

Silva on the native snail Lacuna vincta (Montagu, 1803) in the Gulf of Maine 

SUGCHANAUCHAVANTCGHPANDRIEARRY) Gai ARIS! 2ycyc-sect cis) ap ine ccs aha elaine cueviece latte) 

Settlement and early growth of abalone larvae Haliotis asinina Linnaeus, in response to the 
presence of diatoms 

SAOWAPA SAWATPEERA, MALEEYA KRUATRACHUE, PICHAI SONCHAENG, 

SUCHART UPATHAM, AND TAWEE ROJANASARAMPKIT 1.0.0... 0000 cece ee ec ee eee ees 

Effects of aging on the neutral and polar lipid composition of Biomphalaria glabrata under 

laboratory conditions 

JESSICA L. SCHNECK, BERNARD FRIED, AND JOSEPH SHERMA.........0000eeeeeeees 

Cretaceous corbulid bivalves of the Pacific slope of North America 

RUSBUANID) JL SOLOMRIES VAINTB) JOOP BIBI IRI SVANUBL) ANG Silay He al aren UI Uae a 

The Polyplacophora of Easter Island 

BRUNO DELLANGELO, BRET RAINES, AND ANTONIO BONFITTO .............0-00% 

Gonad structure and gamete morphology of the eastern South Pacific chiton Acanthopleura 

echinata Barnes, 1824 

CARLOS P. GAYMER, CHITA GUISADO, KATHERINA B. BROKORDT, 

ANID JGVSIN Jel, JEAVIVIMTIUMUNND . o'5i6 out o Ola odio olen ole didlo! oo ealoud Mie lo elolalyie aul aNeceol ore 

NOTES, INFORMATION & NEWS 

Use of birefringence to characterize Aplacophora sclerites 
PAMIBITE plier 9 CHIEUNE MAYAN) I IINMINRY, IEuIVAINOVir. says eyspt cate estou sie exesaterare ia a taee ait 

CONTENTS — Continued 

85 

91 

100 

103 

130 

141 

153 

The Veliger (ISSN 0042-3211) is published quarterly in January, April, July, and 
October by the California Malacozoological Society, Inc., % Santa Barbara Museum 
of Natural History, 2559 Puesta del Sol Road, Santa Barbara, CA 93105. Periodicals 
postage paid at Berkeley, CA and additional mailing offices. POSTMASTER: Send 
address changes to The Véeliger, Santa Barbara Museum of Natural History, 2559 
Puesta del Sol Road, Santa Barbara, CA 93105. 

Number 2 



THE VELIGER 

Scope of the journal 

The Veliger is an international, peer-reviewed scientific quarterly published by the Cali- 
fornia Malacozoological Society, a non-profit educational organization. The Veliger is open 
to original papers pertaining to any problem connected with mollusks. Manuscripts are 
considered on the understanding that their contents have not appeared, or will not appear, 
elsewhere in substantially the same or abbreviated form. Holotypes of new species must be 
deposited in a recognized public museum, with catalogue numbers provided. Even for non- 
taxonomic papers, placement of voucher specimens in a museum is strongly encouraged and 
may be required. 

Very short papers, generally not over 750 words, will be published in a “Notes, Infor- 
mation & News” column; in this column will also appear notices of meetings and other 
items of interest to our members and subscribers. 

Editor-in-Chief 

Barry Roth, 745 ‘Cole Street, San Francisco, CA.94117, USA 
e-mail: editor@theveliger.org 

Production Editor 

Leslie Roth, San Francisco 

Board of Directors 

Terrence M. Gosliner, California Academy of Sciences, San Francisco (President) 
Hans Bertsch, National University, San Diego 
Henry W. Chaney, Santa Barbara Museum of Natural History 
Eugene V. Coan, California Academy of Sciences, San Francisco 

Carole S. Hickman, University of California, Berkeley 

Matthew J. James, Sonoma State University 
Rebecca F. Johnson, California Academy of Sciences, San Francisco 
Michael G. Kellogg, City and County of San Francisco 
Christopher L. Kitting, California State University, Hayward 

David R. Lindberg, University of California, Berkeley 
James Nybakken, Moss Landing Marine Laboratories 
Barry Roth, San Francisco 

Roger R. Seapy, California State University, Fullerton 
Carol M. Tang, California Academy of Sciences, San Francisco 
Angel Valdés, Natural History Museum of Los Angeles County 
Geerat J. Vermeij, University of California, Davis 

Membership and Subscription 

Affiliate membership in the California Malacozoological Society is open to persons (not 
institutions) interested in any aspect of malacology. New members join the society by sub- 
scribing to The Veliger. Rates for Volume 47 are US $50.00 for affiliate members in North 
America (USA, Canada, and Mexico) and US $88.00 for libraries and other institutions. 

Rates to members outside of North America are US $65.00 and US $98.00 for libraries 
and other institutions. All rates include postage, by air to addresses outside of North America. 

Memberships and subscriptions are by Volume only and follow the calendar year, starting 
January 1. Payment should be made in advance, in US Dollars, using checks drawn from 
US banks or by international postal order. No credit cards are accepted. Payment should be 
made to The Veliger or “CMS, Inc.” and not the Santa Barbara Museum of Natural History. 
Single copies of an issue are US $25.00, postage included. A limited number of back issues 
are available. 

Send all business correspondence, including subscription orders, membership applications, pay- 
ments, and changes of address, to: The Veliger, Dr. Henry Chaney, Secretary, Santa Barbara | 
Museum of Natural History, 2559 Puesta del Sol Road, Santa Barbara, CA 93105, USA. 

Send manuscripts, proofs, books for review, and correspondence regarding editorial matters to: 

Dr. Barry Roth, Editor, 745 Cole Street, San Francisco, CA 94117, USA. 

© This paper meets the requirements of ANSI/NISO Z39.48-1992 (Permanence of Paper). 



The Veliger 47(2):85—90 (April 30, 2004) 

THE VELIGER 
© CMS, Inc., 2004 

Impact of the Non-Native Macroalga Codium fragile (Sur.) Hariot ssp. 

tomentosoides (van Goor) Silva on the Native Snail Lacuna vincta 

(Montagu, 1803) in the Gulf of Maine 

SUCHANA CHAVANICH! 

Department of Zoology, University of New Hampshire, Durham, New Hampshire 03824, USA 

AND 

LARRY G. HARRIS 

Department of Zoology, University of New Hampshire, Durham, New Hampshire 03824, USA 

Abstract. We investigated the impact of the introduced green alga, Codium fragile ssp. tomentosoides, on the native 

subtidal snail, Lacuna vincta. Snail populations were compared between an area dominated by C. fragile and one 

dominated by the native kelp Laminaria saccharina. In addition, a combination of reciprocal transplant and laboratory 

feeding experiments was conducted to determine the colonization and growth of snails on L. saccharina and C. fragile. 

The results showed that the density of L. vincta at sites dominated by C. fragile was less than half that at sites dominated 

by L. saccharina. The laboratory feeding experiment also demonstrated that growth of L. vincta in three size classes 

fed on L. saccharina was higher than that of those fed on C. fragile. Changing algal composition in the Gulf of Maine 

from a canopy dominated by L. saccharina to one dominated by C. fragile may lead to a decline in L. vincta populations, 

and it also may negatively affect species at higher trophic levels that consume L. vincta as a major food source. 

INTRODUCTION 

In the past several years, several introduced species have 

become established in subtidal communities in the Gulf 

of Maine. An example is the Asian green alga Codium 

fragile (Sur.) Hariot subsp. tomentosoides (van Goor) Sil- 

va (cited hereafter as Codium). Codium was originally 

from Asia, and it was introduced from western Europe to 

Long Island Sound in 1957 (Carlton & Scanlon, 1985). 

Codium was first observed at the Isles of Shoals in the 

Gulf of Maine in 1982 (Carlton & Scanlon, 1985). The 

invasive alga has successfully established itself in the 

Isles of Shoals at locations previously dominated by na- 

tive kelps and overgrazed by sea urchins (Prince, 1988; 

Prince & LeBlanc, 1992; Harris & Mathieson, 2000; Har- 

ris & Tyrrell, 2001). The spreading of Codium has re- 

sulted in changes in community composition and function 

in these areas (Prince & Leblanc, 1992; Harris & Ma- 

thieson, 2000; Harris & Tyrrell, 2001), and this also may 

affect organisms such as Lacuna vincta (Montagu, 1803) 

(cited hereafter as L. vincta) that utilizes kelp beds as a 

habitat and food source. 

Lacuna vincta is at present the most abundant native 

herbivorous snail in subtidal communities in the Gulf of 

‘Present address: Department of Marine Science, Faculty of 

Science, Chulalongkorn University, Bangkok 10330, Thailand; 

csuchana @se.chula.ac.th 

Maine (Chavanich, 2001; Chavanich & Harris, 2002). In 

this study, we investigated the potential impact of intro- 

duced Codium on the native snails by comparing L. vincta 

populations between an area that had been altered by in- 

troduced Codium and an area that remains dominated by 

native Laminaria saccharina (L.) Lamour. (cited hereafter 

as Laminaria). We hypothesized that a site dominated by 

Laminaria would have greater abundance of L. vincta 

than a site dominated by Codium. In addition, laboratory 

feeding experiments were conducted to compare growth 

of L. vincta on the historically dominant versus the new 

canopy species. We hypothesized that the growth of L. 

vincta fed on Laminaria would be higher than that of 

those fed on Codium. 

MATERIALS and METHODS 

Field Sampling 

Field sampling of L. vincta populations was conducted 

during June and July 1999 to examine the abundance of 

L. vincta on different algal species. Collections were 

made at two study sites: Cape Neddick, York, Maine, and 

Star Island, Isles of Shoals, New Hampshire (Figure 1) 

using SCUBA techniques. A conspicuous difference be- 

tween the two study sites is that Cape Neddick has di- 

verse algal assemblages, with Laminaria being the dom- 

inant canopy species, while at Star Island, Codium is a 

dominant canopy species, composing more than 80% of 
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the total algal abundance (Harris & Mathieson, 2000). 

Five replicate samples of nine common algal species— 

Laminaria saccharina, Codium fragile ssp. tomentoso- 

ides, Ulva lactuca L., Desmarestia aculeata (L.) Lamour., 

Desmarestia viridis (O. EF Miill.) Lamour., Chordaria fla- 

gelliformis (O. E Mill.) C. Ag., Chondrus  crispus 

Stackh., Bonnemaisonia hamifera Hariot, and Antitham- 

nionella floccosa (O. EF Miill.) Whittick—were collected 

each month at each study site at approximately —6 m 

below mean low water. Due to a very low-density pres- 

Map of the study location: Cape Neddick, York, Maine, and Star Island, Isles of Shoals, New Hampshire. 

ence, approximately 0.1 plant/m? (Harris, personal obser- 

vation) and attempting to preserve its natural density at 

the study sites, Codium at Cape Neddick and Laminaria 

at Star Island were not collected. To collect the samples, 

plastic bags were used to cover the algae, and then the 

algae were removed from the substrates within the plastic 

bags. All samples were brought back to the University of 

New Hampshire. In the laboratory, the snails were count- 

ed and measured. The algae were dried and weighed. 

Then, density and shell height of snails were compared 
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on a gram-per-algal-species basis. One-way ANOVA fol- 

lowed by Tukey pairwise mean comparison tests was 

used to examine differences in average density and shell 

height of snails on different algae in each study area. 

Tests were done using Systat 7.0 (Systat, 1997). 

Reciprocal Transplant Experiment 

The reciprocal transplant experiment was conducted 

during July 1999. Twenty plants of Codium (approxi- 

mately 35—45 cm long) were collected from Star Island, 

and 20 plants of Laminaria (approximately 35-45 cm 

long) were collected from Cape Neddick. All plants were 

held in running seawater tables in the laboratory over- 

night and were transplanted to other study sites the fol- 

lowing day. Codium was transplanted to Cape Neddick, 

and Laminaria was transplanted to Star Island. Before the 

experiment, all L. vincta found on both Codium and Lam- 

inaria were removed. To transplant the algae, each alga 

was tied to weighted plasticized wire frames (approxi- 

mately 33 X 63 cm). There were five plants on each 

frame. The frames were placed at —6 m at each study 

site. After 2 weeks, the transplanted algae were collected 

and brought back to the laboratory. Five attached plants 

of Codium from Star Island and five sporophytes of Lam- 

inaria from Cape Neddick were also collected as control 

samples. For control samples, we did not remove all 

snails from Codium and Laminaria before the experiment 

started because we desired to measure the actual accu- 

mulated abundance of snails occurring near the transplant 

samples. In the laboratory, snails associated with each 

plant were counted and shell heights were measured. In 

addition, the algae were dried and weighed. Then, the 

density and size of L. vincta were calculated and com- 

pared on the basis of per gram of algal dry weight. One- 

way ANOVA followed by Tukey pairwise mean com- 

parison tests was used to examine differences in average 

density and shell height of snails on different control and 

transplanted algae. In addition, a two-way ANOVA with 

algal treatments (control Laminaria, transplanted Lami- 

naria, control Codium, and transplanted Codium) and siz- 

es of snails (small, medium, and large) as fixed factors 

were used to test differences between types of algae and 

sizes of snails. A Tukey pairwise mean comparison test 

was then used for each factor if there were significant 

differences. Tests were done using Systat 7.0 (Systat, 

1997). 

Laboratory Growth Experiment 

To examine the potential impact of Codium on the 

growth of L. vincta, an experiment was conducted to 

compare the growth of snails fed either Laminaria or 

Codium. Snails were randomly collected from algae at the 

study sites. In the laboratory, snails were sorted, mea- 

sured, and divided into three size classes (small ~ 1.0 

mm; medium ~ 2.5 mm; large ~ 3.5 mm). All selected 
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Figure 2. Average density of Lacuna vincta per gram of algal 

dry weight on nine algal species at Star Island and Cape Neddick 

(asterisk represents no algal collection). 

snails were starved by placing them in containers for 5 

days before starting the experimental trial. There were 

three treatments (control [without food], fed Laminaria, 

and fed Codium) with 10 replicates each in each size class 

of the snails. The snails were offered approximately equal 

weight (0.1 g) of each alga. The experiment was run for 

8 weeks, with 12 hr light and 12 hr dark each day. Shell 

heights of the snails were measured weekly, and a new 

piece of each alga was given at the same time. A repeat- 

ed-measures ANOVA followed by a Tukey pairwise com- 

parison test was used in each size class of snails to test 

differences between growths of snails fed on different 

algae. Tests were done using Systat 7.0 (Systat, 1997). 

RESULTS 

Field Sampling 

Lacuna vincta was found associated with a variety of 

algal species at Star Island and Cape Neddick (Figure 2). 
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Figure 3. Average shell height of Lacuna vincta on nine algal 

species at Star Island and Cape Neddick (asterisk represents no 

algal collection). 

The average density of snails differed significantly among 

all algae at Star Island (P < 0.05), but did not at Cape 

Neddick (P > 0.05). The highest density of L. vincta was 

found on Chordaria flagelliformis at Star Island and on 

Ulva lactuca at Cape Neddick. Lacuna vincta was also 

found at medium density on Laminaria. The average total 

density from all algal species showed that the density of 

snails on the Codium bed at Star Island (11.39 snails per 

gram of algal dry weight) was less than half that on the 

Laminaria bed at Cape Neddick (27.07 snails per gram 

of algal dry weight) (Figure 2). The average size of L. 

vincta at Cape Neddick (1.62 mm) was smaller than at 

Star Island (1.97 mm) (Figure 3). 

Reciprocal Transplant Experiment 

The results of the reciprocal transplant experiment 

showed that average density of snails differed signifi- 

cantly between control and transplanted algae (P = 

0.001) (Figure 4a). The highest density of L. vincta was 
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Figure 4. Average density of Lacuna vincta per gram of algal 

dry weight (a) and average shell height of Lacuna vincta (b) on 

control and transplanted Laminaria saccharina and Codium frag- 

ile ssp. tomentosoides at Cape Neddick and Star Island. 

on control Laminaria (17.21 snails per gram of algal dry 

weight) while the lowest density of L. vincta was on 

transplanted Codium (2.7 snails per gram of algal dry 

weight) (Figure 4a). The average shell height of snails 

showed no significant difference among algal treatments 

(P > 0.05) (Figure 4b). However, the largest mean height 

of snails was found on control Codium at Star Island 

(2.24 mm), and the smallest mean height of snails was 

found on control Laminaria (1.43 mm) at Cape Neddick 

(Figure 4b). In addition, there were significant differences 

in the density of snails between control and transplanted 

algae and the size classes of snails (Table 1). The densi- 

ties of small and medium size classes of snails on control 

Laminaria were higher than on other control and trans- 

planted algae, and the density of the small size class of 

L. vincta was similar for both transplanted specimens 

(Figure 5). 

Laboratory Feeding Experiment 

A repeated measures ANOVA showed that changes in 

shell height of snails differed significantly over time 

among different diets in all size classes (small: P < 0.05; 

medium: P < 0.001; large P = 0.001). The total growth 

of snails fed on Laminaria was higher than that of those 
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Table | 

Results of two-way ANOVA followed with Tukey test 

for differences in the density of snails between types of 

algae and sizes of snails in the reciprocal transplant 

experiment. 

Factors df F P Tukey* 

Algae 3 20.09 <0.001 S: CL TL CC TC 
M: CL TL CC TC 

L: TL CC CL TC 

i) 17.05 <0.001 CL:SML 

TL:SLM 

L 

n Size 

Algae X Size 6 5.47 <0.001 

* Breaks in underlining between treatments represent signifi- 

cant differences at P < 0.05. Snail size abbreviations: S = small, 

M = medium, L = Large. Plant type abbreviations: CL = control 

Laminaria, TL = Transplanted Laminaria, CC = Control Cod- 

ium, TC = Transplanted Codium. 

fed on Codium in each of three size classes for the 8 week 

period (Figures 6a—c). 

DISCUSSION 

Lacuna vincta can be associated with a variety of algal spe- 

cies. The results from field sampling showed that the aver- 

age total density of the snails at Star Island, a site dominated 

by Codium, was only half that at Cape Neddick, a site dom- 

inated by Laminaria. We also found that the densities of the 

small, medium, and large size classes of snails were higher 

on Laminaria even on the transplanted sporophytes at Star 

Island after only 2 weeks, whereas the mean size of the 

16 + WT Ml Small 
(3 Medium 

14 4 Large 

Average density of snails per 

gram of algal dry weight 

Control Transplanted Control Transplanted 
Laminaria Codium Codium Laminaria 

Cape Neddick Star Island 

Figure. 5. Size distribution of Lacuna vincta on control and 

transplanted Laminaria saccharina and Codium fragile ssp. to- 

mentosoides at Cape Neddick and Star Island. 
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Figure 6. Average shell height of Lacuna vincta in three size 

classes fed on Laminaria saccharina and Codium fragile ssp. 

tomentosoides for 8 weeks. 

snails was larger on both control and transplanted Codium. 

Relative proportions of large, medium-sized, and small 

snails in Codium resulted in the high mean size of snails 

even though absolute densities of snails on Laminaria were 

higher in those size classes. The transplant experiment dem- 

onstrated that there was no difference in the density of the 

smallest size class of L. vincta on transplanted Codium and 

Laminaria at either site, suggesting similar colonization 

rates for the 2 week period. The controls had higher den- 

sities of small snails, which is probably due to an accu- 

mulation over a longer time period. However, snails may 

move to better habitat and food sources such as kelps when 

they attain larger size. It has been demonstrated that L. vinc- 

ta has an ability to drift in the water column by secreting a 

mucous thread that allows it to relocate and increases its 

ability for habitat selection (Martel & Chai, 1991; Martel & 

Diefenbach, 1993). 

The growth of the snails of all three size classes was 
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higher when fed on Laminaria than on Codium. From 

Figure 6, it can be estimated that if juvenile snails (1 mm) 

continue to feed on Laminaria, they will reach average 

adult size (about 4-5 mm) in 6—7 months, whereas the 

juvenile snails which feed on Codium will take more than 

12 months to reach average adult size. The slow growth 

can lead to low reproductive output by the snails. Lami- 

naria is considered to have high nutritional content for 

herbivores (Martel & Chai, 1991; Prince & LeBlanc, 

1992). Prince & LeBlanc (1992) suggested that Laminar- 

ia produces chemicals that attract herbivores such as sea 

urchins, whereas Codium appears to lack a chemical at- 

tractant. They also found that sea urchins were not able 

to detect Codium but would eat it when they contacted 

plants. This may also explain the results in this study that 

found higher densities of the snails on both control and 

transplanted Laminaria and higher growth for snails fed 

on Laminaria. In addition, the structure of the habitat may 

play an important role for the distribution of herbivores 

(Hacker & Steneck, 1990). Laminaria has a single flat 

blade while Codium is composed of branched cylinders, 

which form a bush that may be less accessible to colo- 

nizing snails. Therefore, Laminaria probably provides 

more flat space for L. vincta to colonize and graze on 

than Codium. 

The spreading of Codium has a negative effect on L. 

vincta populations in the Gulf of Maine. A decline in the 

snail population may also affect populations on higher 

trophic levels such as cunner, Tautogolabrus adspersus 

Walbaum, 1792, that consume L. vincta as a major food 

source. Johnson & Mann (1986) showed that half of the 

gut content of cunner consisted of Lacuna. Another in- 

troduced species that also has a negative effect on Lacuna 

population is the bryozoan, Membranipora membranacea 

(Linnaeus, 1767), which overgrows kelp blades (Chav- 

anich & Harris, 2000; Chavanich, 2001). The overgrowth 

reduces the grazing space for L. vincta and creates intra- 

specific and interspecific competition between the snails 

and M. membranacea for space on the kelp blades (Chav- 

anich & Harris, 2000). 

As kelp canopy is replaced by Codium and/or reduced 

by bryozoan coverage, L. vincta may switch to alternative 

algal food sources such as Ulva lactuca and Chordaria 

flagelliformis (S. Chavanich, personal observation). Some 

of these algal species are annuals (Mathieson & Hehre, 

1986), and the increased herbivore pressure may have a 

cascading effect of altering species composition or rela- 

tive abundance. Further studies are needed to determine 

how the change in community state presently underway 

in the Gulf of Maine by introduced species may affect L. 

vincta in its roles as herbivore and food source in algal 

dominated subtidal communities. 
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Abstract. GABA (gamma-aminobutyric acid) of different concentrations (10~°, 10~->, 10-+, 10-3 M) was tested for 

its effects on the settlement response of abalone Haliotis asinina larvae of 48 hours old. The highest percentage (73.5%) 

of attachment was found in larvae reared in seawater containing 10°° M GABA. In addition, five benthic diatom species 

(Navicula sp. 1, Navicula sp. 2, Navicula sp. 3, Nitzschia sp. 1, and Nitzschia sp. 2) were isolated and maintained in 

culture. The species were grown in small bowls and tested in settlement experiments with H. asinina larvae. Settlement 

was very high in 2-day-old larvae fed five species of diatoms (89.8—94.3%). Survival rates declined when the larvae 

were older (6—7 days). The highest percentages of metamorphosis and shell growth were found in larvae fed Navicula 

sp. 1, Nitzschia sp. 2, and Navicula sp. 1. A flow-through system in large fiberglass tanks was developed to compare 

growth and survival of postlarvae reared on diatoms, Navicula sp. 1, Navicula sp. 2, and Nitzschia sp. 1 for 120 days. 

The shell length (SL) and weight (W) of postlarvae were measured once every 2 weeks. The best growth rate was 

obtained with postlarvae fed Nitzschia sp. 1 (SL 81.7 wm/day, W 96.7 g/day) and Navicula sp. 2 (SL 75.0 wm/day, 

W 78.3 pg/day). 

INTRODUCTION 

A critical stage in the life history of abalone larvae occurs 

during the termination of the planktonic stage. The trans- 

formation from larva to juvenile involves two distinct 

processes: settlement and metamorphosis (Crisp, 1974; 

Chia, 1978; Hadfield, 1984). Settlement has been de- 

scribed as a behavioral change typically characterized by 

the searching for, and orientation to, certain environmen- 

tal factors, such as sediments, algae, conspecifics, and 

prey species (Crisp, 1974; Hadfield, 1984). Metamorpho- 

sis is a non-reversible process that involves anatomical 

and physiological changes in larvae yielding juvenile ab- 

alone (Bonar, 1976). Abalone larvae require highly spe- 

cific cues to stimulate metamorphosis, and heavy mortal- 

ities are commonly reported during this period (Hooker 

& Morse, 1985; Searcy-Bernal et al., 1992a): usually less 

than 1% will complete metamorphosis and eventually sur- 

vive (Morse, 1984). Abalone larvae settle and metamor- 

phose in response to various substances including intact 

crustose coralline algae (CCA), extracts from CCA 

(Morse et al., 1980; Roberts & Nicholson, 1997) gamma- 

* Corresponding author and reprint request; e-mail: scmkt@ 

mahidol.ac.th 

aminobutyric acid (GABA) (Morse, 1984; Searcy-Bernal 

et al., 1992a; Morse, 1992; Yang & Wu, 1995; Roberts 

& Nicholson, 1997; Searcy-Bernal & Anguiano-Beltran, 

1998; Moss, 1999), excess potassium ions (Yool et al., 

1986; Yang & Wu, 1995; Roberts & Nicholson, 1997), 

cultures of benthic diatoms (Kawamura & Kikuchi, 1992; 

Roberts & Nicholson, 1997), and mucus (Seki & Kan-no, 

1981; Slattery, 1992). Some variations in the settlement 

response of abalone larvae have been documented, such 

as GABA-induced attachment, but not metamorphosis in 

certain species of abalone. GABA is used in the com- 

mercial production to induce larval settlement in other 

species of Haliotis. To the best of our knowledge, there 

has been no study on the settlement of larvae of Haliotis 

asinina Linnaeus, 1758, a tropical abalone of potential 

economic importance in Thailand. Hence, the aim of this 

study was to determine the response of H. asinina larvae 

to GABA and various species of benthic diatoms. 

Even though culture of abalone has been very suc- 

cessful in most parts of the world, the research on the 

feeding habits of abalone in the early life stages has been 

rather limited (Kawamura, 1996; Kawamura et al., 1998a) 

and control of the initial food is still one of the most 

critical problems in hatchery seed production (Hahn 

1989a; Seki, 1997). Survival rates in many abalone hatch- 
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eries are low and variable, especially in the first few 

months (Searcy-Bernal et al., 1992a). Benthic diatoms 

have traditionally been used as initial foods for postlarvae 

in abalone hatcheries until individuals are 7-8 mm, then 

switching to macroalgae (Seki, 1980; Ebert & Houk, 

1984; Hahn, 1989a; Singhagraiwan & Doi, 1993). There 

are several species of benthic diatoms that occur naturally 

which have been used as food for juveniles such as Nitz- 

schia, Navicula, Amphora, and Cocconeis. Recently, the 

dietary value of benthic diatoms for the growth of postlar- 

val abalone has been investigated in detail (Kawamura & 

Takami, 1995; Kawamura et al., 1995). The results of 

these studies indicate that benthic diatoms growing on 

CCA play important roles as food sources for postlarval 

abalone both in the natural environment and in hatcheries 

(Kawamura et al., 1995; Kawamura, 1996; Takami et al., 

1997a). In the present study, survival and growth rates of 

postlarval abalone H. asinina reared on different species 

of benthic diatoms were compared in order to determine 

the most suitable diatom species for postlarval growth. 

MATERIALS AnD METHODS 

Experimental studies were conducted at the Coastal 

Aquaculture Development Center, Prachuap Khiri Khan 

Province, Thailand. Abalone H. asinina were spawned by 

the ultraviolet (UV) irradiated seawater technique (Kik- 

uchi & Uki, 1974). The ova were fertilized, washed and 

raised to the trochophore stage and hatched out within 5 

hours at 29—30°C in UV-treated filtered seawater (Singh- 

agraiwan & Doi, 1993). The healthiest trochophores, as 

evidenced by their active swimming up to the surface of 

the water, were collected by siphon. They were incubated 

in nursing tanks with filtered seawater at the density of 

10,000/L. The larvae metamorphosed to the veliger stage 

in the nursing tanks and acquired creeping ability within 

24 hours. The creeping larval stage lasted for 1—3 days, 

during which time the larvae alternately crept and sus- 

pended, searching for a setthkement place. The larvae in 

this experiment were 2 days old (44—48 hours). 

Experiment |. Larval Settlement 

1.1 GABA Experiment. In the GABA treatment, 100 

competent 2-day-old H. asinina larvae were put into a 

small glass bowl (600 mL in volume) which contained 

various concentrations of GABA:10~°, 10-°, 10-4, and 

10-3 M. Larvae put in seawater without GABA served as 

a control. Three replicates were performed for each treat- 

ment. Microscopic evaluation of larval attachment was 

performed 48 hours after the introduction. Larvae were 

not fed with diatoms and no aeration was provided. The 

GABA concentration which yielded the highest percent- 

age of attachment was used in the diatom experiment. 

1.2 Diatom Experiment. Haliotis asinina larvae were 

induced to settle using five species of benthic diatoms of 

various sizes: Navicula sp. 1 (38 X 3 pm) CUength x 
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width), Navicula sp. 2 (13 X 8 wm), Navicula sp. 3 (18 

x 3 wm), Nitzschia sp. 1 (75 X 8 pm), and Nitzschia sp. 

2 (38 X 12 pm). These pure strains of benthic diatoms 

were isolated from seawater and cultured in the Guillard 

media (Guillard, 1975). Only Nitzschia sp. 1 was obtained 

from the culture at the Coastal Aquaculture Development 

Center; it was the diatom species used to feed abalone 

larvae. 

For each treatment, 100 competent 2-day-old abalone 

larvae were introduced into a small glass bowl (600 mL 

in volume) which contained 200 mL filtered and UV-ster- 

ilized seawater with 10°° M GABA. Five milliliters of 

culture medium containing each species of diatom were 

dropped into the glass bowl. Larvae put in seawater with 

10°-° M GABA served as a control. Three replicates were 

performed for each species of diatom. The containers 

were kept under fluorescent illumination and no aeration 

was provided. Temperature ranges were 25—28°C. Sea- 

water was changed 2 days after the introduction and daily 

up to 6 days. Larval settlement was quantified by inspect- 

ing the floor and walls of the container with a dissecting 

microscope every 2 days. We calculated the percentage 

of live larvae showing (a) shell growth (velum shed, per- 

istomal shell visible), (b) metamorphosis (velum shed), 

(c) attachment (attached by foot, velum present) (Roberts 

& Nicholson, 1997). At the end of the experiment (6 

days), all larvae were killed and counted. 

Experiment 2. Postlarval Growth 

The purpose of this experiment was to study the sur- 

vival and growth rate of postlarval abalone H. asinina 

reared on different species of diatom which gave a high 

percentage of settlement in experiment 1.2. These were 

Navicula sp. 1 and Navicula sp. 2. Nitzschia sp. 1 served 

as a control. Approximately 60,000 abalone 7—8 day old 

larvae were put in a fiberglass tank (50 L in volume) 

which contained different species of benthic diatoms, 

grown on culture plates (30 * 30 cm in size) 4—5 days 

prior to the introduction of larvae. Larvae were reared in 

the flow-through system at 28—30°C under natural day- 

light. Three replicates were performed for each treatment. 

No other food or diatoms were added to the experimental 

tanks for 1 month. After 1 month, 50 larvae from each 

replicate were sampled out, and the shell lengths were 

measured by an optical micrometer under a microscope, 

and the larval weights were measured using a precision 

balance. The measurements were taken biweekly for 16 

weeks. At the end of 16 weeks, all larvae from each treat- 

ment were counted and their survival rates were calcu- 

lated. 

Statistical Analysis 

Differences in percentage of settlhement, growth, and 

survival rates were determined in different treatments by 

one-way ANOVA. The multiple comparison, Duncan’s 
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Figure 1. Settlement response of H. asinina larvae to different concentrations of GABA after 48 hours of exposure. 

multiple range test, was further used to determine signif- 

icant differences between each treatment. SPSS for Win- 

dows, Version 6.0 was the statistical software used for all 

statistical analysis. P < 0.05 was used as the significance 

level. 

RESULTS 

1. Larval Settlement 

1.1 GABA. Figure 1 shows the induction of settlement 

of H. asinina larvae after 48 hours of exposure to differ- 

ent concentrations of GABA. The percentage of attach- 

ment was highest (73.5%) in H. asinina larvae reared in 

seawater containing 10°° M of GABA. There was no dif- 

ference in attachment percentage between 10°-° M and 

10-* M GABA treatments (P > 0.05) (51.4 and 50.2%, 

respectively). The lowest attachment percentage (12.8%) 

and highest mortality (87.2%) were found in the 10°? M 

GABA treatment. 

1.2 Diatoms. Figure 2 compares settlement responses 

of abalone larvae H. asinina to five species of benthic 

diatoms. Rapid attachment was induced by 10°° M 

GABA and various species of diatoms tested. The per- 

centages of attachment were not significantly different (P 

> 0.05) among the species of diatoms tested and the con- 

trol. Almost all abalone larvae were attached to the bot- 

tom or walls of the glass bowls after 2 days. However, 

the percentages of metamorphosis were significantly dif- 

ferent (P > 0.05) among treatment groups. Abalone lar- 

vae in the control (without diatoms) all died 3 days after 

induction. There was no significant difference in meta- 

morphosis percentage among larvae exposed to Navicula 

sp. 1 (20%), Navicula sp. 2 (25.5%), and Nitzschia sp. | 

(21.8%) (P > 0.05) while those exposed to Nitzschia sp. 

2 (10.2%) showed a significantly lower metamorphosis 

percentage (P < 0.05). Larvae exposed to Navicula sp. 3 

had the lowest percentage of metamorphosis (5.6%). Sim- 

ilar results were obtained in shell growth response. There 

was no significant difference in percentage shell growth 

among larvae fed Navicula sp. 1 (11%), Navicula sp. 2 

(13.5%), and Nitzschia sp. 1 (12%; P > 0.05). However, 

both the Nitzschia sp. 2 (7.8% shell growth) and Navicula 

sp. 3 (3.3%) groups showed a significantly lower per- 

centage of shell growth (P < 0.05). 

2. Postlarval Growth 

Figure 3 shows growth in shell length of H. asinina 

postlarvae reared on different species of diatoms for 120 

days. The postlarvae grew well on Nitzschia sp. 1 (con- 

trol) during the experimental period (81.7 m/day) and 

reached 9.9 mm in shell length at the end of 120 days 

(Figure 3, Table 1). Navicula sp. 2 yielded a moderately 
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Figure 2. Settlement response of H. asinina larvae of various ages to different species of benthic diatoms. Means and standard 

deviations are presented. Analysis of variance of Duncan’s multiple range test was performed on the means of percentage of settlement; 

the same letter identifies the values that are not significantly different (P > 0.05). 

good growth with 78.3 wm/day, and the postlarvae 

reached 9.1 in shell length after 120 days (Figure 3, Table 

1). In contrast, the mean growth rate of postlarvae reared 

on Navicula sp. 1 (64.2 m/day) was significantly lower 

(P < 0.05) than those reared on Nitzschia sp. 1 and Na- 

vicula sp. 2. They attained the shell length of only 6.0 

mm after 120 days (Figure 3, Table 1). 

Figure 4 shows growth in weight of H. asinina pos- 

tlarvae reared on different species of diatoms for 120 

days. The highest growth in weight was found in post- 

larvae reared on control, Nitzschia sp. 1 (96.7 wg/day) 

which was significantly different (P < 0.05) from those 

reared on Navicula sp. 2 (78.3 wg/day) and Navicula sp. 

1 (64.2 g/day) (Table 1). They also reached a heavier 

weight (12.8 mg) compared to those reared on Navicula 

sp. 2 (10.5 mg) and Navicula sp. 4 (8.9 mg) (Figure 4, 

Table 1). 

The survival rate of H. asinina was not observed until 

the end of the experiment (120 days) because these post- 

larvae were so fragile, and they attached very tightly to 

the diatom plates. The greatest survival rate was found in 

postlarvae reared on Navicula sp. 1 (75.8%) which was 

significantly higher (P < 0.05) than those reared on Na- 

vicula sp. 2 (55.8%) and Nitzschia sp. 1 (20.6%) (Table 

1). 

DISCUSSION 

Larval Settlement 

Abalone larvae require highly specific cues to stimulate 

metamorphosis, and heavy mortalities are commonly re- 

ported during this period (Hooker & Morse, 1985; Sear- 

cy-Bernal et al., 1992a). Three general methods, diatom 

film, mucus, and GABA have been used for inducing ab- 

alone metamorphosis in commercial-scale operations 

(Hooker & Morse, 1985; Hahn, 1989b). The diatom-film 

method was originally developed in Japan and is also 

practiced in Taiwan, USA, New Zealand, Mexico (Hahn, 

1989b), and Thailand (Singhagraiwan & Doi, 1993). The 

mucus method, also developed by the Japanese (Seki & 

Kan-no, 1981), is currently used in Japan, Korea, and 

Australia. The GABA method was proposed after the dis- 

covery in the USA that certain coralline algae provide the 

natural cues for metamorphosis in haliotids and_ that 

GABA, an inexpensive amino acid related to the natural 

inducer molucule, also elicits rapid, synchronous, and 

complete metamorphosis in small-scale laboratory exper- 

iments with antibiotics and excellent environmental qual- 

ity (Morse et al., 1979). 

The present study demonstrates that GABA at 10°° M 

or 1 wm induced the highest percentage of attachment 

(76.5%) over the other concentrations (10~* 10°-*+ 10° 
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Figure 3. 

M). High mortality occurred in the highest concentration 

of GABA (10-3 M). However, GABA could not induce 

metamorphosis in H. asinina larvae because all the larvae 

died after 3 days of induction. GABA’s performance 

varies among abalone species, and in some species, in- 

cluding H. asinina, it triggers attachment without meta- 

morphosis (Roberts, 2001; present study). The attachment 

response with GABA has been reported by many work- 

ers, such as Morse et al. (1979) and Slattery (1992) in H. 

rufescens Swainson, 1822, and Akashige et al. (1981) in 

H. discus hannai Ino, 1953. However, Morse (1990) 

proved that GABA could induce metamorphosis in H. 

105 120 

Days 

Growth in shell length of H. asinina larvae fed different species of diatoms up to 120 days after settlement. 

discus hannai. Furthermore, Roberts & Nicholson (1997) 

reported different settlement responses in H. iris Gmelin, 

1791, and H. virginea Gmelin, 1791, larvae. In H. iris, 1 

wm GABA induced 90—100% attachment and 20—60% 

metamorphosis within 2 days while in H. virginea, 

GABA induced 65—100% attachment and 0.5% meta- 

morphosis. 

On the other hand, in H. rufescens, Searcy-Bernal et 

al. (1992b) and Searcy-Bernal & Anguiano-Beltran 

(1998) obtained very good settlement from GABA in 

conjunction with diatoms over conventional diatom film 

and mucus. However, they suggested that high postlarval 

Table 1 

Growth and survival rates of H. asinina postlarvae fed different species of diatoms for 120 days. Means and standard 

deviations are presented. Analysis of variance of Duncan’s multiple range test were performed on the means of shell 

length and body weight increases; the same letter identifies the values that are not significantly different (P > 0.05). 

Shell length Body wet weight Growth 

Survival rate (mm) (mg) Length Weight 

Diatom Initial Final Jo Initial Final Initial Final (wm/day ) (we/day) 

Nitzchia sp. 1 80,000 16,500  20.6° Os =O 9.9 + 3.38 We? 32 Sh WA} ae OIE 81.7+ 6.6° 96.7 + 3.63 

Navicula sp. 1 80,000 60,600 75.8 0.1 + O.1 6.0 + 4.7» 12+ 4.6 8.9 + 11.75 49.2 + 7.8 64.2 + 6.8° 

Navicula sp. 2 80,000 44,700 55.8> 0.1 + 0 Osi Be Shek lei 2 32 OS) se G72 FSO) SEG. = Tis se Sey? 
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Figure 4. Growth in weight of H. asinina larvae fed different species of diatoms up to 120 days after settlement. 

mortality may occur afterward (Searcy-Bernal et al., 

1992b). This can be avoided by using antibiotics, which 

yield excellent survival (93%) 1 month after GABA in- 

duction (Morse, 1984). Searcy-Bernal et al. (1992b) sug- 

gested that the postlarvae died because of the bacterial 

growth in the culture stimulated by utilization of the ami- 

no acid in the GABA itself. 

GABA arrests swimming activity so that the larvae 

sink, then attach where they land on non-vertical sub- 

strates (Roberts, 2001). Increasing concentrations of 

GABA increase the number of larvae settling and de- 

crease the time of settlement (Hahn, 1989b), for example, 

10-3 M GABA causes 10% of the larvae to settle within 

7 minutes and 10°° M GABA induces settlement in only 

26% after 38 hours (Morse et al., 1980). The minimum 

concentration causing detectable settlhement is 10°’? M 

GABA (Hahn, 1989b). However, prolonged exposure to 

higher concentrations is toxic (Morse et al., 1979). At 

concentrations higher than 10~° M, settlement and attach- 

ment are induced but metamorphosis is inhibited and the 

juveniles eventually die (Morse, 1984). 

Benthic diatom films growing on plastic plates have 

traditionally been used as settlement substrata in abalone 

hatcheries worldwide (Seki, 1980; Ebert & Houk, 1984; 

Hahn, 1989b; Singhagraiwan & Doi, 1993). In the present 

study, five species of diatoms (Navicula sp. 1-3, Nitzschia 

sp. 1-2) were used to induce settlement in H. asinina 

larvae. The result showed no significant difference in per- 

centage of attachment in the diatoms and GABA until 2 

days after induction. The highest percentages of meta- 

morphosis were found in Navicula sp. 1, sp. 2, and Nitz- 

schia sp. | treatments. Kawamura & Kikuchi (1992) test- 

ed the settlement of H. discus hannai larvae on film of 

18 species of diatoms grown at different densities, and 

found marked differences both in the time of completion 

of settlement and settlement rate. Larvae generally re- 

sponded better to films with higher diatom density. The 

diatoms which resulted in high settlement success were 

species which formed flat, prostrate communities, while 

most species forming three-dimensional colonies resulted 

in low settlement of larvae (Kawamura & Kikuchi, 1992). 

This could possibly account for the different settlement 

percentages in H. asinina. 

In addition, preferential settlement of different abalone 

larvae in the presence of various diatom species was 

found in H. rubra Leach, 1814, and H. laevigata Dono- 

van, 1808 (Daume et al., 1999). Haliotis rubra did not 

respond to films of any diatom species tested, but settled 

on the natural settkement surface, a non-geniculate cor- 

alline red algae (NCA), Phymatolithon repandum. Hali- 

otis laevigata, however, settled particularly well on films 

of Navicula ramosissima and the NCA Sporolithon du- 
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Table 2 

Growth rates of postlarval abalone H. asinina fed unialgal diatom diets. 

Growth 

Abalone rate 

species Diatom strain (um/day) 

H. discus hannai Ulvella lens and Synedra tabulata 32 

Cocconeis sp. 30.6 

C. closterium 24.1 

Navicula ramosissima 22.9 

H. discus hannai Actinocyclus brevipes SZ 

A. longipes 47.8 

Amphora augusta 29.0 

C. scutellum 46.4 

C. closterium 50.1 

N. ramosissima 21.1 

Nitzschia sp. 13.6 

Pleurosigma sp. 24.2 

Synedra investiens 20.5 

H. discus hannai C. scutellum 14.4 

C. closterium ile 

N. ramosissima 16.6 

Stauroneis constricta 21.6 

H. midae Mixture of diatoms Nes 

H. rubra Navicula sp. 39 

H.. asinina Nitzschia sp. 1 82 

Navicula sp. 1 49 

Navicula sp. 2 75 

H. discus hannai C. closterium 27 

H. discus hannai CCA + diatoms (Amphora spp. + 53.4 

Cylindrotheca closterium) 

Diatoms only 24.4 

H. gigantea A. tenuissimus 12.8 

Cocconeis sp. 32.6 

Melosira moniliformis 12.8 

N. ramosissima 28.0 

H. iris A. longipes | 33771) 

A. longipes 2 11.3 

C. pseudomarginata 11.8 

Navicula britannica 16.4 

N. ramosissima 17.0 

Navicula sp. Se 

Nitzschia ovalis 15.4 

Nitzschia sp. 35:3 

Initial size Final size 

(wm) (wm) Reference 

330 1350 Uki et al., 1981 

280 800 Ohgai et al., 199] 

280 690 

280 670 

1230-1540 1960-2470 Kawamura et al., 1995 

1420-1540 1860—2360 

1120-1420 1450-1770 

1050-1310 1460-1950 

920-1300 1270-2190 

1120-1590 1470-1790 

1120—1600 1260-1750 

1330-1600 1420-2100 

980-1270 1140-1610 

280 510-865 Kawamura & Takami, 1995 

280 735-1177 

280 548-841 

280 724-865 

10 40 Knauer et al., 1996 

800 3000 Daume et al., 2000 

100 990 Present study 

100 600 

100 910 

280 820 Seki, 1997 

500 2000 Takami et al., 1997b 

500 1000 

321 552 Ishida et al., 1995 

340 927 

352 518 

333 836 

570 1245 Kawamura et al., 1998a 

549 788 

570 830 

555 896 

606 938 

603 902 

568 886 

553 1280 

rum. Hence, settlement of abalone larvae in response to 

diatom films depends on the abalone species, the diatom 

species tested, and the density of the diatoms on the plate 

(Daume et al., 1999). 

Postlarval Growth 

Three major transitions in postlarval feeding are rec- 

ognized (Kawamura et al., 1998a). The first is the tran- 

sition from lecithotrophy to particle feeding. There ap- 

pears to be overlap between lecithotrophy and early in- 

gestion. A second transition is evident at around 600—800 

wm shell length (SL). Postlarvae below this size grow at 

similar rates regardless of the diatom strain to which they 

are exposed. In contrast, larger postlarvae grow much 

more rapidly on certain diets, such as highly digestible 

diatoms. The final transition is from a diatom diet to a 

macroalgae diet (S—10 mm SL). 

The results of the present study on postlarval growth 

(100 pm SL) reared on different unialgal diatom strains 

showed significantly different growth rates. The highest 

growth rate (81.7 m/day) was found in postlarvae reared 

on the control (Nitzschia sp. 1). Navicula sp. 2 yielded a 

moderate growth rate (75.0 wm/day) and Navicula sp. | 

showed the lowest growth rate (49.2 zm/day). Only a few 

studies have examined the growth of abalone postlarvae 

(~300-1500 ym SL) reared on unialgal diatom strains 
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(Table 2). In comparison, H. asinina postlarvae reared on 

Nitzschia and Navicula species seemed to have higher 

growth rates than those of other abalone species (Table 

2). Nitzschia spp. and Navicula spp. are the usual diatom 

species given to postlarvae for food (Ebert & Houk, 

1984; Hooker & Morse, 1985; Hahn, 1989a). The differ- 

ence in growth rates of H. asinina and other Haliotis post- 

larvae could be due to the fact that H. asinina is a tropical 

species which usually grows in water temperatures 25— 

28C, whereas the other Haliotis (Table 2) are temperate 

species which have the optimum temperature around 

15°C for growth. Normally, the growth of tropical aba- 

lone is faster than that of temperate species. Haliotis as- 

inina becomes sexually mature when it is 7-8 months old 

while it usually takes 2—3 years for temperate abalone to 

reach maturity (Hahn, 1989a; Singhagraiwan & Doi, 

1993). In addition, diatoms multiply faster in warmer 

temperatures and the density of diatoms is another factor 

that contributes to the higher growth rates. Uki et al. 

(1981) found that the postlarval growth rate of H. discus 

hannai fed certain benthic diatoms under various tem- 

peratures generally increased with higher temperature up 

to an optimal temperature (22.5°C for postlarvae of H. 

discus hannai). Growth rates at temperatures above this 

optimum declined. 

Several possible causes can be inferred for the different 

growth rates of H. asinina postlarvae reared on benthic 

diatoms, such as digestibility, and biochemical composi- 

tion of diatoms (Kawamura et al., 1998b). Digestibility 

refers to the proportion of diatom cells that lose cell con- 

tents when ingested and pass through the postlarval gut. 

Diatom cell size and growth form can limit digestibility 

by precluding ingestion. Two strains of Actinocyclus lon- 

gipes with different cell sizes and stalk lengths produced 

different growth and survival rates of H. iris postlarvae 

(Kawamura et al., 1998a). The attachment strength of the 

diatom strain is another important factor. Very tightly at- 

tached diatoms such as Cocconeis spp. and Achnanthes 

sp. (Sawamura et al., 1995, 1998a), require considerable 

force to be detached from substrata and are usually rup- 

tured if dislodged. In contrast, many diatom strains with 

low adhesive strength are ingested without cell rupture, 

and the majority of ingested cells pass through the gut 

alive and unbroken (Kawamura et al., 1995, 1998b). The 

biochemical composition of diatom cells may affect 

growth rates (Kawamura et al., 1998b). Fatty acid profiles 

are a critical component in aquaculture feeds and are 

known to vary among diatom species. 

Survival rate is another important factor that has to be 

considered in aquaculture of abalone. Even though the 

Nitzschia sp. | treatment showed the highest growth rate 

in shell length, the survival rate was quite low (20.6%). 

On the other hand, the Navicula sp. 1 treatment which 

had the lowest growth rate, showed the highest survival 

rate (75.8%). This may be explained in term of density 

of abalone. Postlarvae with high survival rates, and there- 

fore high densities, competed for food more strongly and 

exhibited lower growth rates than did those with lower 

survival rates. 
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Abstract. High performance thin layer chromatographic analysis was used to determine the effects of aging on the 

lipid composition of the pulmonate snail, Biomphalaria glabrata. Whole bodies of three size (age) classes were used 

for analysis: (A) 5-7 mm juvenile snails, (B) 9-10 mm immature adults, and (C) 16-18 mm sexually mature adults. 

There was no difference in free sterol concentrations among any of the size classes. The concentrations of free fatty 

acids and triacylglycerols were significantly increased in A and B compared to C. As snails aged, the triacylglycerol 

and free fatty acid fractions declined significantly. The results indicate that sexually mature snails contain less depot 

lipids in the form of triacylglycerols and free fatty acids than the immature snails. The concentrations of phosphatidyl- 

choline and phosphatidylethanolamine were significantly increased in A and C compared to B. Shells of sexually mature 

snails contained free sterols, free fatty acids, and cholesteryl esters in quantifiable amounts. Egg masses, newly hatched 

snails (< 1 mm), and 2—4 mm juveniles with shells contained free sterols, free fatty acids, and triacylglycerols in 

quantifiable amounts. 

INTRODUCTION 

Previous studies (see review in Fried & Sherma, 1990) 

have examined lipids in Biomphalaria glabrata (Say, 

1816) of mixed sizes (ages) maintained on various diets. 

The diets have consisted mainly of lettuce, lettuce plus 

Tetramin, hen’s egg yolk plus Tetramin, and hen’s egg 

yolk plus lettuce. In these studies, the major lipids found 

in the snails were triacylglycerols, free fatty acids, free 

sterols, and phosphatidylethanolamine. 

We initiated the present work on the effects of snail 

aging on the lipid composition of B. glabrata, because 

most previous studies did not take into consideration the 

size (age) of the snails used for analysis. Our study re- 

ports on the analysis of the neutral lipids and polar lipids 

(phospholipids) in whole bodies of snails of known size 

(age) classes as described in the Materials and Methods. 

Additional lipid studies were also done on juvenile snails 

with intact shells. Since the results of lipid analysis of B. 

glabrata egg masses or shells are not available, our study 

also provides such information. 

MATERIALS AND METHODS 

Sixty juvenile Biomphalaria glabrata snails, about 5—8 

mm in shell diameter, were obtained from Dr. Fred A. 

Lewis, Schistosomiasis Laboratory, Biomedical Research 

Institute (Rockville, Maryland, USA). Groups of 20 snails 

were maintained at 23 + 1°C in aerated glass containers 

> Author to whom correspondence should be addressed: Tele- 

phone: (610)-330-5463, Fax: (610)-330-5705, e-mail: friedb@ 

lafayette.edu. 

(mason jars) each containing 800 mL of artificial spring 

water (ASW) (Ulmer, 1970) under diffuse overhead fluo- 

rescent light for 12 hr per day. These cultures were fed 

ad libitum on boiled Romaine lettuce leaf. Food and wa- 

ter were changed twice weekly in all cultures. These 

snails were allowed to grow for another 8—12 weeks until 

they became sexually mature and oviposited in the cul- 

tures. Strips of plastic, 4 cm X 4 cm, were placed in the 

cultures to facilitate egg laying. The strips containing 

eggs were removed to finger bowl cultures (11 cm di- 

ameter with 150 mL ASW) containing 2 cm X 2 cm 

pieces of lettuce, and the juveniles were allowed to attain 

a size of 4-5 mm. Some juvenile snails from these cul- 

tures were used for lipid analysis while others were trans- 

ferred to mason jar cultures to raise young adults and 

sexually mature adults. 

Lipids were analyzed in the whole bodies of snails mi- 

nus their shells for three size classes and were designated 

as A, B, and C. Class A consisted of 5—7 mm juvenile 

snails. Class B consisted of 9-10 mm sexually immature 

adults. Class C consisted of 16-18 mm sexually mature 

adults. Snail bodies were removed by gently crushing the 

shells with a hammer and removing the bodies with for- 

ceps under a dissecting scope. Individual samples were 

used for analysis of C, whereas pools of three and five 

snails were used for B and A, respectively. Snails be- 

longing to the 0.7—1 mm newly hatched group and 2—4 

mm young juveniles were not removed from their shells, 

and lipid analyses of these snails were done with the 

shells intact. A total of 21 egg masses containing 366 

eggs were also used for quantitative lipid analysis. 

Lipids were extracted from all samples and quantita- 
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Table 1 

Weight percent of neutral lipids and phospholipids in the whole bodies of snails of different size classes.* 

Shell 

Size class diameter Age (wk) Free sterols 

Att 5-7 8-9 0.0757 + 0.0084 

Be 9-10 12-14 0.0429 + 0.0068 

Cc 16-18 20 0.0547 + 0.0065 

Phosphatidylcholine 

Att 5-7 8-9 0.817 + 0.158 

Bt 9-10 12-14 0.175 + 0.049 

C 16-18 20 0.659 + 0.077 

Neutral lipids 

Free fatty acids Triacylglycerols 

0.0306 + 0.0059 0.278 + 0.108 

0.0577 + 0.0060 0.0821 + 0.017 

0.00453 + 0.0016 0.0211 + 0.0037 

Phospholipids 

Phosphatidylethanolamine 

0.126 + 0.014 

0.0432 + 0.016 

0.141 + 0.017 

* Snail bodies: Mean (weight %) + standard error, n = 4 snails for each sample (unless indicated otherwise). 

*n = 4 with each sample pooled from 3 snails. 

**n = 4 with each sample pooled from 5 snails. 

Mm = Be 

tively analyzed as described by Schneck et al. (2003). 

Briefly, following chloroform-methanol (2:1) extraction, 

samples were treated with Folch wash (0.88% KCl), dried 

under N, gas in a warm water bath (approximately 40°C), 

and the residue was reconstituted in 100—200 pL of chlo- 

roform-methanol. Quantitative analysis for neutral lipids 

was performed by high performance thin layer chroma- 

tography (HPTLC) on Whatman (Clifton, New Jersey) 

LHPKDE silica gel plates with zone detection by use of 

phosphomolybdic acid (PMA) spray reagent. Quantitative 

analysis for polar lipids was performed by HPTLC on the 

same layers using 10% cupric sulfate spray reagent for 

detection. A neutral lipid standard (Non-Polar Lipid Mix- 

ture-B, Matreya, Inc., Pleasant Gap, Pennsylvania) con- 

taining equal amounts of cholesterol, oleic acid, triolein, 

methyl and cholesteryl oleate provided markers for free 

sterols, free fatty acids, triacylglycerols, methyl and cho- 

lesteryl esters, respectively. The standard for polar lipid 

analysis (Polar Lipid Mix, Matreya Inc.) containing equal 

amounts of cholesterol, phosphatidylethanolamine (PE), 

phosphatidylcholine (PC), and lysophosphatidylcholine 

(LPC) provided markers for free sterols, PE, and PC. Vis- 

ible mode quantitative densitometric analysis was per- 

formed by use of a Camag (Wilmington, North Carolina) 

TLC Scanner I with CATS-3 software. 

RESULTS anpb DISCUSSION 

The samples analyzed for neutral lipids showed zones 

with migration comparable to the standards at R; values 

of 0.21 (cholesterol), 0.25 (oleic acid), 0.55 (triolein), and 

0.67 (methyl oleate) in the petroleum ether-diethyl ether 

glacial acetic acid (80:20:1) mobile phase of Mangold 

(1969). The R; values of cholesteryl oleate sample and 

standard zones were 0.62 in the hexane-petroleum ether- 

diethyl ether-glacial acetic acid (50:2:5:1) mobile phase 

of Smith et al. (1995). The cholesteryl oleate sample zone 

was only detectable in the sexually mature adult size 

class, and the body weight percentage was determined to 

be 0.0482 + 0.0063% (n = 4). Samples analyzed for 

phospholipids showed sample and standard zones at R; 

values of 0.33 for PC and 0.47 for PE in the chloroform- 

methanol-water mobile phase (65:25:4) of Wagner et al. 

(1961). The LPC in the polar lipid standard was not de- 

tected with the cupric sulfate reagent at the concentrations 

applied, and zones that might have been LPC were not 

seen in samples. 

Table 1 presents neutral lipid and phospholipid per- 

centages for whole snail bodies of the three size classes 

(A, B, and C). The data were analyzed using ANOVA 

single factor comparison with P < 0.05 being considered 

significant. There was no difference in free sterol con- 

centrations between any of the size classes. The concen- 

trations of free fatty acids and triacyglycerols were sig- 

nificantly increased in A and B compared to C. The con- 

centrations of PC and PE were significantly increased in 

A and C compared to B. 

The egg masses, newly hatched snails, and juveniles 

contained quantifiable levels of free sterols, free fatty ac- 

ids, and triacylglycerols. The egg masses (n = 1) had 

concentrations of free sterols, free fatty acids, and tria- 

cylglycerols of 0.00632, 0.00209, and 0.00184 percent, 

respectively. Six newly hatched juveniles (< 1 mm, 1—2 

days old) were pooled to obtain a single sample, analysis 

of which showed concentrations of free sterols, free fatty 

acids, and triacylglycerols of 0.0517, 0.0283, and 0.238 

percent, respectively. Six juvenile snails (2-4 mm, 3—5 

weeks old) were pooled to obtain a single sample. These 

juveniles were found to have concentrations of free ste- 

rols, free fatty acids, and triacylglycerols of 0.105, 

0.0226, and 0.0915 percent, respectively. 
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The shells of four sexually mature adults (16-18 mm) 

were analyzed for neutral lipids. Prior to analysis, the 

shells were washed five times with ASW to remove any 

residual hemolymph or snail tissue associated with the 

shell. The quantifiable neutral lipids in the shells were 

free sterols, free fatty acids, and cholesteryl esters, which 

were found to be present at concentrations of 0.00227 + 

0.00094, 0.00751 + 0.0029, and 0.000938 + 0.00034, 

respectively. Lipid studies on gastropod shells appear not 

to be available, but CoBabe & Pratt (1995) have found 

that bivalve shells contain fatty acids, cholesterol, phy- 

tadienes, ketones, and alkanes. Further studies on lipids 

in gastropod shells are warranted. 

The most dramatic change in neutral lipids as a func- 

tion of snail aging occurred in the triacylglycerol and free 

fatty acid fractions. Sexually mature adults had 13x and 

7X less concentrations of triacylglycerols and free fatty 

acids, respectively, than the juvenile snails. Triacylgly- 

cerols and free fatty acids are storage depots in snails 

(Fried, 2003), and presumably younger sexually imma- 

ture snails contain more of these lipids in their tissues 

than do the sexually mature adults. Free sterols are im- 

portant to the structural integrity of cells and comprise 

major components of cell membranes. As expected, free 

sterol concentrations remained constant during snail ag- 

ing. Phospholipids also play an important role in the 

structural integrity of cells and constitute a major com- 

ponent of cell membranes. We cannot explain the differ- 

ences in concentrations of phospholipids between the size 

classes. 
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Abstract. This paper presents the first biostratigraphic study of Cretaceous corbulid bivalves from shallow-marine 

rocks along the Pacific slope of North America, with most of the outcrops in California and northwestern Baja California. 

Five genera, two of which are new, and 14 species, 11 of which are new, are represented: Caryocorbula coani, sp. nov., 

Caryocorbula onoensis, sp. nov., Caryocorbula vacea, sp. nov., Caryocorbula traskii (Gabb, 1864), Caryocorbula lom- 

ana, sp. nov., Excorbula coqua, gen. et. sp. nov., Excorbula parkyi, gen. et sp. nov., Excorbula shastana, gen. et sp. 

nov., Panzacorbula pozo (Dailey & Popenoe, 1966), gen. nov., Eoursivivas cultriformis (Gabb, 1864), Caestocorbula 

cavus, sp. nov., Caestocorbula attina, sp. nov., Caestocorbula aura, sp. nov., and Caestocorbula? allisoni, sp. nov. The 

cumulative chronologic range of these 14 corbulid species is Early Cretaceous (latest Aptian) to Late Cretaceous (early 

late Maastrichtian), an interval of 40 m.y. Generic diversity of the study area corbulids is greatest during the Turonian 

and late Campanian to early late Maastrichtian. 

Caryocorbula Gardner, 1926, and Caestocorbula Vincent, 1910, have been only provisionally reported before from 

Cretaceous rocks in the study area. Eoursivivas cultriformis, of late early to early late Maastrichtian age, is the youngest 

record of this genus and its first occurrence in the Western Hemisphere. Eoursivivas was previously known only from 

Lower Cretaceous (Valangian to Hauterivian) strata of Japan. Excorbula and Panzacorbula are apparently endemic to 

the study area. 

Caryocorbula onoensis, of late early Albian age, is the earliest study area species to show evidence of predatory 

drilling. 

INTRODUCTION Corbulids are widely distributed in Cretaceous shal- 
low-marine faunas of the Pacific slope in British Colum- 

bia, Oregon, California, and northwestern Baja Califor- 

nia, yet these small-sized fossils, which can be locally 

common, have been largely ignored by previous workers. 

Early paleontologists were mainly focused on ammonites, 

and studies of bivalves, as well as those of gastropods, 

were of secondary interest. If bivalves were investigated, 

then those consisting of large-sized specimens were fa- 

vored. In recent years, we have been studying the fossil 

records of the more poorly known Cretaceous bivalves 

and gastropods from the region extending from Vancou- 

ver Island, British Columbia southward to Baja Califor- 

nia, Mexico, in order to bring their biostratigraphic utility 

The earliest records of corbulids are of Middle Jurassic 

age from England (e.g., Morris & Lycett, 1854; Lycett, 

1863; Cox & Arkell, 1948-1950; Duff, 1978; Harper et 

al., 2002); Africa (Cox, 1965); China (Yin & Fiirsich, 

1991; Yin & Fiirsich, 1992); western India (Kanjilal, 

1997; Singh & Rai, 1980; Firsich et al., 2000); southern 

Mexico (Alencaster, 1963); Montana (Imlay, 1945, 1967), 

and Alberta, Canada (McLearn, 1924; Frebold, 1964). 

The majority of corbulid genera evolved during the Cre- 

taceous and Eocene; the remainder radiated during the 

Miocene to Recent times (Lewy & Samtleben, 1979). To- 

day, there are approximately 85 species (Coan et al., 

2000), with most living in tropical and temperate waters into the mainstream of geologic usage. This paper, which 
of normal-marine salinities. Corbulids are sluggish bur- is one of these studies, is the first to record the strati- 

rowers, and most species live in nearshore, fine-grained graphic succession of Cretaceous corbulids from the Pa- 
sediments deposited in relatively low-energy environ- cific slope of North America. 

ments. Some species range into the northern cold regions, The only other stratigraphic succession study on cor- 
and some species are euryhaline and live in normal ma- bulids was done by Anderson (1996), who studied Neo- 

rine to brackish waters. Some fossil corbulids are known gene Corbula Bruguiere, 1797, from the northern Do- 

to comprise monotypic shell beds associated with brack- minican Republic. Coan (2002) studied the Recent east- 

ish-water-conditions (Lewy & Samthleben, 1979). ern Pacific species of family Corbulidae Lamarck, 1818. 
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This present study stems from a careful search for cor- 

bulid specimens in all the major museums that have ex- 

tensive collections of Cretaceous fossils from the study 

area. We detected 113 lots (72 = LACMIP, 21 = CAS, 

15 = UCMP, 5 = other) containing a total of 1547 spec- 

imens. We were able to recognize five genera and 14 

species; two of the genera and 11 of the species are new. 

We also refined the paleontologic record of the three pre- 

viously named species. Pacific slope of North America 

corbulids have a cumulative geologic range of late early 

Albian to early late Maastrichtian, a span of approxi- 

mately 40 million years. The locales and stage occur- 

rences of the studied species are shown on Figures | and 

2, respectively. 

This present report establishes the first record for Eour- 

sivivas Ota, 1964, in the Western Hemisphere and its 

youngest species. In addition, this report is the first to 

document the Cretaceous occurrence of Caryocorbula 

Gardner, 1926, and Caestocorbula Vincent, 1910, in the 

study area. Allison (1974) had used the last two names 

in various faunal lists pertaining to the upper Aptian Al- 

isitos Formation in Baja California, Mexico, but he did 

not photographically document his identifications, nor did 

he assign any museum-catalog numbers to his specimens. 

We used the specimens that he collected, but his identi- 

fications were inconsistent. 

Predatory Drill Holes in Corbulid Shells 

Late Cretaceous, Cenozoic, and modern corbulid shells 

are commonly bored by gastropods (Taylor et al., 1983; 

Kelley & Hansen, 1993), and the drill holes are usually 

assigned to naticids or muricids, although a few other 

types of gastropods are also capabable of making these 

holes (see Harper et al., 1998). Kase & Ishikawa (2003) 

reported the chronologic range of naticids to be Late Cre- 

taceous (Campanian) to Recent and that earlier reports of 

Late Triassic to Early Cretaceous naticid boreholes are 

invalid. Furthermore, they reported that naticid drill holes 

became common only in Campanian and Maastrichtian 

shallow-marine environments. Sohl (1969) reported the 

chronologic range of muricids to be Early Cretaceous to 

Recent and that their boring activity is well represented 

only from the Late Cretaceous (Senonian) onward. There 

are predatory drill holes in late Albian corbulids and other 

bivalves of England (Taylor et al., 1983). In addition, in 

<— 

Figure 1. Index map showing locales mentioned in the text. 1 

= Hornby Island. 2 = Dayville area. 3 = Yreka. 4 = Ono and 

Texas Springs. 5 = East of Redding. 6 = Tuscan Springs. 7 = 

Chico Creek. 8 = Pentz. 9 = Sites. 10 = Gualala. 11 = Martinez. 

12 = Corral Hollow. 13 = Pigeon Point. 14 = Ortigalita Creek. 

15 = Reef Ridge. 16 = Pozo. 17 = Jalama Creek. 18 = Simi 

Hills. 19 = Santa Ana Mountains. 20 = Carlsbad. 21 = Punta 

China. 22 = Arroyo Santa Catarina. 
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Figure 2. 

Gradstein et al. (1994). 

this present study, drill holes were found in a few valves 

of the late early Albian Caryocorbula onoensis, sp. nov. 

This is the earliest corbulid species in the study area to 

show any evidence of drilling. Except for the late Aptian 

species and the Cenomanian Caestocorbula attina, sp. 

nov., all the other study area species show drill holes, 

but, for the most part, these holes are rare to uncommon. 

Locally, however, drill holes are common only in the late 

Campanian to early Maastrichtian Caryocorbula lomana, 

sp. nov. Details of drill-hole evidence are discussed for 

each species in ““Systematic Paleontology.” 

Corbulids have discrete conchiolin (organic) layers 

within the microstructure of their valves (De Cauwer, 

1985), and such layers are relatively rare in other marine 

bivalves (Taylor et al., 1973). As reviewed by Anderson 

(1992), it has been commonly reported that the conchiolin 

layers in corbulid shells inhibit predation by drilling gas- 

tropods. Anderson (1992), however, reported that other 

factors (e.g., variable shell thickness) are likely more im- 

portant than presence of conchiolin. 

The suprafamilial classification system used here fol- 

lows that of Keen (1969). Abbreviations used for catalog 

and locality numbers are: ANSP, Academy of Natural Sci- 

ences of Philadelphia; CAS, California Academy of Sci- 

ences, San Francisco; CIT, California Institute of Tech- 

nology, Pasadena [collections now housed at LACMIP]; 

CGS, California Geological Survey [collections now 

housed mostly at UCMP and Academy of Natural Sci- 

ences, Philadelphia]; GSC, Geological Survey of Canada, 

Ottawa, Ontario; LACMIP, Natural History Museum of 

Los Angeles County, Invertebrate Paleontology Section; 

Caestocorbula fssssssssssssssssss] 

lomana [SAP AOOEORS 
Excorbula parkyi 

Panzacorbula 
pozo 

Eoursivivas passa. 

estoc cultriformis 

aura 

Chronostratigraphic positions of the new and restudied Cretaceous corbulids. Geologic ages, polarities, and chrons from 

SDSNH, San Diego Society of Natural History, San Di- 

ego; UCLA, University of California, Los Angeles [col- 

lections now housed at LACMIP]; UCMP, University of 

California Museum of Paleontology (Berkeley); USGS, 

United States Geological Survey (Menlo Park, California) 

[collections now housed at UCMP]. 

STRATIGRAPHY 

The geologic ages and depositional environments of most 

of the formations and members cited in this paper have 

been summarized in recent papers by Squires & Saul 

(2001, 2002, 2003a, b, c, in press). Stratigraphic infor- 

mation mentioned below concerns either those rock units 

not discussed in recent literature or additional pertinent 

biostratigraphic details. The following stratigraphic units 

are listed from oldest to youngest. 

Cretaceous Rocks near Sites 

The type locality of Caryocorbula onoensis, sp. nov. 

is near Sites, west side of Sacramento Valley, Colusa 

County, northern California (Figure 1, locale 9). In this 

area, Brown & Rich (1961) reported that reworked me- 

gafossils of Albian age are found in submarine-slump 

blocks, depicted within unit 7 (Cenomanian age) on their 

geologic map. Fossils at LACMIP loc. 24285, the type 

locality of C. onoensis are from one of these submarine- 

slump blocks. A few additional specimens of the new 

species were found a few kilometers to the north of the 

type locality, in unit 7, at USGS locs. M-175, M-176, M- 

177, and M-178 in the Cenomanian Antelope Shale. 
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Panoche Formation at Reef Ridge 

The type locality of Caestocorbula attina, sp. nov. is 

in the Panoche Formation, Reef Ridge (Figure 1, locale 

15), Kings County, central California. Campanian-age 

conglomerate beds at this locality, LACMIP 25526, con- 

tain reworked cobbles with shallow-marine mollusks, and 

the new species is one of these mollusks. Two reworked 

gastropods have been identified: ?Natica allisoni (Mur- 

phy & Rodda, 1960) of Cenomanian age (Popenoe et al., 

1987) and Latiala californicus Saul, 1998, of ?late Al- 

bian/Cenomanian age (Saul, 1998). 

Gas Point Member of Budden Canyon Formation 

This member crops out in the Bald Hills area near Ono 

(Figure 1, locale 4), Shasta County, northern California. 

The ammonite Mesopuzosia pacifica Matsumoto, 1954 

occurs in all parts of the member (Murphy et al., 1969) 

and is indicative of Turonian age (Matsumoto, 1959). 

Caryocorbula vacca, sp. nov. occurs in the fine-grained, 

lower part of the member. 

Northumberland Formation, Northwest Side of 

Hornby Island 

Whiteaves (1879) reported Corbula_ traskii? Gabb, 

1864, and Corbula minima d Orbigny, 1847, of Whiteav- 

es, 1879, [considered herein to be synonymous with C. 

traskii] from “‘the northwest side of Hornby Island,” off 

the east coast of Vancouver Island, British Columbia 

(Figure |, locale 1). Unfortunately, Whiteaves’ geograph- 

ic information is inexact, but according to the geologic 

map of Katnick & Mustard (2001), the only rocks that 

crop out on the northwest side of Hornby Island belong 

to the mudstone of the Northumberland Formation of the 

Nanaimo Group. Pending on-going research (P. Ward, 

personal communication) on the age of the various for- 

mations of the Nanaimo Group, we believe it best to refer 

to the age of the Northumberland Formation as undiffer- 

entiated Campanian. 

Anchor Bay Member of Gualala Formation 

This formation, which crops out in southern Mendo- 

cino County, northern California (Figure 1, locale 10), is 

part of a sedimentary block that has been tectonically 

transported a considerable distance northward from its 

point of origin, which according to Elder et al. (1998), 

was probably as far south as southern California. The 

occurrence of Panzacorbula, gen. nov. pozo (Dailey & 

Popenoe, 1966) at USGS loc. M8830 in the Anchor Bay 

Member of this formation, therefore, is geographically 

anomalous. Based on molluscan taxa, this member is late 

Campanian to early Maastrichtian age (Elder et al., 1998). 

Unnamed Upper Cretaceous Formation, Pozo 
District 

At its type locality LACMIP 23774, abundant speci- 

mens of Panzacorbula pozo (Dailey & Popenoe, 1966) 

make up an almost monotypic shell bed deposited under 

brackish-water-conditions in unnamed strata approxi- 

mately 4 km northwest of the hamlet of Pozo (Figure 1, 

locale 16), east of Santa Margarita Lake, La Panza Range, 

west-central Coast Ranges, San Luis Obispo County, cen- 

tral California. The Upper Cretaceous rocks in this area 

have never been assigned to a formation. Dailey & Po- 

penoe (1966:19) mentioned the type locality but did not 

assign an age to the rocks. Howell et al. (1977:fig. 12) 

provided a geologic map of the Pozo district and mapped 

the rocks in the immediate area of the locality (i.e., Toro 

Creek, section 7) as part of an unnamed Upper Creta- 

ceous sandstone deposited in a shallow marine-canyon 

head. Vedder (1977:108) and Throckmorton (1988:220) 

provided faunal lists of mollusks found at this locality, 

and Vedder reported an age of late Campanian and/or 

early Maastrichtian for these mollusks. 

Tesla Formation 

This formation crops out as two sandstone members 

near Corral Hollow (Figure 1, locale 12) in the area be- 

tween the cities of Livermore and Tracy in the eastern 

part of the central Diablo Range, western edge of the San 

Joaquin Valley, Alameda County, northern California. 

This formation ranges in age from Late Cretaceous into 

the middle Eocene, and possibly late Eocene. Specimens 

of Panzacorbula pozo are found near the base of the low- 

er sandstone member, which was deposited in a brackish- 

water environment, and the reportedly early Maastrichtian 

molluscan assemblage in these rocks is very similar to 

that found at the above-mentioned type locality of this 

species in the Pozo district (Throckmorton, 1988). 

PREVIOUS TAXA ASSIGNED to CORBULA 

FROM THE STUDY AREA 

Although previous workers loosely applied the name 

‘““Corbula”’ to nine ‘“‘Cretaceous”’ species of the Pacific 

slope of North America, only four of these, Corbula cul- 

triformis Gabb, 1864; Corbula traskii Gabb, 1864; Cor- 

bula minima d’Orbigny of Whiteaves, 1879 [considered 

herein to be synonymous with C. traskii]; and Corbula 

pozo Daily & Popenoe (1966) can be substantiated as 

being Cretaceous corbulids. They are discussed and illus- 

trated in this paper. The other five species are discussed, 

in ascending stratigraphic order, in the following para- 

graphs. 

Corbula concinna Whiteaves (1884:219, pl. 29, figs. 3, 

3a) was originally reported from outcrops along the south 

side of Alliford Bay, Skidegate Inlet, Maude Island area 

in the Queen Charlotte Islands, British Columbia. These 
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outcrops are of the Yakoun Formation of Middle Jurassic 

(Bajocian) age (McLearn, 1949). Corbula concinna dif- 

fers significantly from corbulids by having on both 

valves, especially the left valve, a very prominent and 

projecting beak and by having a trapedzoidal left valve. 

This species might be an astartid. 

Corbula? persulcata Stanton (1895:61—62, pl. 11, fig. 

3) was reported from limestone strata 5 km northwest of 

Paskenta, Tehama County, northern California. This lime- 

stone, which is part of the Stony Creek Formation of the 

Great Valley Series, is of latest Jurassic (Tithonian) age 

and contains in situ chemosynthetic mollusks that lived 

in a deep-marine setting dominated by turbidites (Camp- 

bell et al., 1993). It is not possible, with the available 

material, to positively assign Stanton’s species to any 

family or genus because the species is known only from 

the holotype, and its dorsal posterior end is missing. Cor- 

bula? persulcata, however, differs from any known study 

area Cretaceous corbulid by having widely spaced com- 

marginal furrows. 

Corbula filosa Stanton (1895:62, pl. 11, figs. 1, 2) was 

originally reported from the Paskenta Group, Cold Fork 

of Cottonwood Creek, Tehama County, northern Califor- 

nia. The age of these rocks is earliest Cretaceous (Berria- 

sian) (Campbell et al., 1993). Corbula filosa does not ap- 

pear to be a corbulid. Its projected to rounded anterior 

end, variable presence of an ill-defined posterior slope on 

the right valve, and an extremely broad posterior slope 

(when present) on the right valve suggest that it might be 

a venerid. 

?Corbula primorsa Gabb (1864:148, pl. 22, figs. 120, 

120a) was originally reported from probably Cretaceous 

rocks on the south side of Corral Hollow, just southeast 

of Tesla, Alameda County, north-central California, but 

the location information is inexact. Stewart (1930:7) re- 

ported that the type specimens of this species have been 

lost. Because it is not known what beds ?Corbula pri- 

morsa came from and because the types are lost, this 

species is deemed by us to be a nomen dubium. 

Corbula parilis Gabb (1864:150, pl. 29, figs. 239, 

239a) was originally reported as questionably of Creta- 

ceous age and from Martinez, northern California. Al- 

though this species belongs to Caryocorbula, it is an Eo- 

cene one that ranges from San Diego, southern California 

through southwestern Oregon, in rocks of early (““Capay 

Stage’’) through middle (‘Transition Stage’’) Eocene age 

(Squires, 1987). 

SYSTEMATIC PALEONTOLOGY 

Phylum MOLLUSCA Linnaeus, 1758 

Class BIVALVIA Linnaeus, 1758 

Order MYOIDA Stoliczka, 1870 

Family CORBULIDAE Lamarck, 1818 

Diagnosis: Shell small to medium, inequilateral, inequi- 

valved to sub-inequivalved, aragonitic, with crossed-la- 
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mellar outer and complex crossed-lamellar inner layers. 

Ligament partly external, internal portion amphidetic. 

Right valve generally strongly inflated and larger than left 

valve, to a varying degree. Posterior end somewhat ros- 

trate. Shell sculptured with commarginal ribs or smooth; 

radial ribs usually absent. Hinge simple with pit in left 

valve and corresponding anterior cardinal tooth in right 

valve. Chondrophore of left valve usually present, usually 

small, and variable in amount of projection. Muscle scars 

dimyarian. Pallial sinus small or absent (Vokes, 1945; 

Keen, 1969: Davies, 1971: Anderson, 1996; Coan, 2002). 

Discussion: Corbulids have traditionally been placed in 

order Myoida, but molecular, conchological, and anatom- 

ical evidence suggests that corbulids might be more ap- 

propriately aligned to veneroids. Anderson & Roopnarine 

(2003) have summarized this evidence. 

Dall (1898, 1900), Vokes (1945), and Keen (1969) did 

detailed systematic studies on Corbulidae. These bivalves 

have been largely split and grouped on shape and sculp- 

ture. Dentition, especially the shape of the chondrophore, 

and other shell features have been utilized, to some ex- 

tent, as well. As indicated by Coan et al. (2000) and Coan 

(2002), inspection of the literature readily shows that ear- 

ly attempts to subdivide this family into subfamilies, gen- 

era, and subgenera were not successful. To date, however, 

there have been no rigorous morphology-based phyloge- 

netic analyses of all the named genera, but Anderson & 

Roopnarine (2003) have done a rigorous phylogenetic 

analysis of Neogene genera and subgenera of the Cor- 

bulidae from tropical America. 

In this present study, we endeavored to incorporate all 

available morphologic characters when assigning the spe- 

cies to the various genera. The key characters of these 

genera, as well as the study area species assigned to them, 

are given in Table 1. The biggest problem in working 

with Cretaceous corbulids, especially those from the 

study area, is the difficultly in cleaning the hinges of the 

small species (i.e., length less than 15 mm). They are 

almost always encased in well cemented matrix, and 

cleaning of the delicate chondrophore is very risky and 

can easily result in irreversible damage to the shell. For 

these particular species, a more effective technique is to 

inspect weathered specimens for those that show the dor- 

sal surface of the chondrophore. In many of these cases, 

only minimal cleaning is required. At least the presence 

of the chondrophore can be determined, as well as wheth- 

er or not it is projecting. 

Subfamily CORBULINAE Lamarck, 1818 

Diagnosis: Right valve slightly larger than left valve, 

valves more or less irregular in shape, from strongly in- 

equivalve to subequivalve, posterior end somewhat ros- 

trate. Ligament fitting into pit on hinge of left valve or 

onto expanded, usually projecting chondrophore (Keen, 

1969; Coan et al., 2000). 
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Table 1 

Check list of key morphologic characters used in differentiating the new taxa. 

Left-valve 

sculpture 

Right-valve 

Taxa Size sculpture Other 

Caryocorbula: elongate-ovate, valves tapered posteriorly, sculpture similar on both valves, single radial keel. 

C. coani medium nearly smooth nearly smooth posterior keel very low 

C. onoensis small weak to medium weak to medium — 

C. vacca small very weak to weak very weak to weak minute radial threads possible 

C. traskii medium nearly smooth very weak — 

C. lomana very small very weak to weak very weak to weak quadrate shell, posterior slope squarish 

Excorbula: trigonal, left valve smooth or nearly smooth, right valve initially smooth or with very weak ribs becoming stronger ventrally, 

right valve with two narrowly spaced keels. 

E. coqua small very weak strong = 

E. parkyi medium smooth strong posterior slope groove-like 

E. shastana small smooth medium posterior slope moderately wide 

Panzacorbula: subpyriform, single keel obsolete on mature specimens. 

P. pozo medium very weak to weak strong — 

Eoursivivas: very elongate, subdued irregular bands on valves, keel weak. 

E. cultriformis medium weak weak os 

Caestocorbula: left valve much smaller, less inflated, less rostrate, and with weaker ribs than right valve. 

C. cavus small very weak weak — 

C. attrina very small very weak very weak to weak — 

C. aura small weak weak umbo of right valve smooth 

C.? attisoni small medium weak to strong both valves bulbous 

Discussion: We agree with Coan (2002:50), who reported 

there are a “‘bewildering array of specific and generic taxa 

in this subfamily,’ but many of the species found in this 

present study readily can be shown to belong to Cary- 

ocorbula. 

Genus Caryocorbula Gardner, 1926 

gate ovate, inequilateral, right valve slightly larger and 

deeper than left. Posterior slope acutely set off by radial 

keel. Valves usually pointed (tapered) posteriorly. Um- 

bones not inflated, nor set off by growth stages; beaks 

shightly prosogyrate. Lunule and escutcheon absent. 

Sculpture of weak to moderately strong commarginal 

ribs, similar on both valves; radial threads possibly pre- 

sent. Left-valve hinge with chondrophore and (posteri- 

orly) adjoining deep pit. Chondrophore moderately broad, 

somewhat projecting and flattish, and bearing median 

ridge. Right-valve hinge with single, large triangular car- 

dinal tooth (upcurved at tip) and adjoining deep, broad 

Type species: Corbula alabamiensis Lea, 1833, by orig- 

inal designation; middle Eocene, southeastern United 

States. 

Diagnosis: Shell small to moderate, subquadrate to elon- 

Figures 3—20. Specimens coated with ammonium chloride. Figures 3—6. Caryocorbula coani Squires & Saul, sp. 

nov., UCMP loc. A-6273. Figure 3. Paratype UCMP 155536, left valve, X2.2. Figure 4. Paratype UCMP 155537, 

left valve, X2.8. Figures 5, 6. Holotype UCMP 155535, <2.3. Figure 5. Right view. Figure 6. Dorsal view. Figures 

7-9. Caryocorbula ononensis Squires & Saul, sp. nov. Figure 7. Holotype LACMIP 13100, LACMIP loc. 24285, 

left valve, X3.8. Figure 8. Paratype LACMIP 13101, loc. 29230, right valve, 4.5. Figure 9. Paratype LACMIP 

13102, LACMIP loc. 24285, right valve, showing predatory drill hole, X3.3. Figures 10—12. Caryocorbula vacca 

Squires & Saul, sp. nov. Figure 10. Holotype LACMIP 13103, LACMIP loc. 24365, left valve, 5. Figure 11. 

Paratype LACMIP 13104, LACMIP loc. 10764, right valve, 4.5. Figure 12. Holotype LACMIP 13103, LACMIP 

loc. 24365, dorsal view, *5.2. Figures 13-17. Caryocorbula traskii (Gabb, 1864). Figure 13. Lectotype UCMP 

155538, CGS loc. 145, left valve, 5.5. Figure 14. Hypotype LACMIP 13105, LACMIP loc. 22406, left valve, 

x3.7. Figure 15. Hypotype GSC 5742, NW side Hornby Island, British Columbia, left valve, *7.5. Figure 16. 

Hypotype LACMIP 13106, LACMIP loc. 22406, right valve, 3.9. Figure 17. Hypotype LACMIP 13107, LACMIP 

loc. 10832, dorsal view, X8. Figures 18-20. Caryocorbula lomana Squires & Saul, sp. nov. Figure 18. Holotype 

SDSNH 81140, SDSNH loc. 3387, left valve, X11.5. Figure 19. Paratype SDSNH 81141, SDSNH loc. 3162-C, 

left valve, *8.4. Figure 20. Paratype LACMIP 13108, LACMIP loc. 7792, right valve, *8.2. 



R. L. Squires & L. R. Saul, 2004 Page 109 

Lge 1 ae OI an A 
Se 



Page 110 

pit. Adductor scars prominent. Pallial sinus simple, short, 

nearly vertical, and shallow to absent (Vokes, 1945; Sten- 

zel et al., 1957; Keen, 1969; Coan et al., 2000; Coan, 

2002). 

Discussion: Coan (2002) gave taxonomic details con- 

cerning Caryocorbula, whereas Vokes (1945) and Stenzel 

et al. (1957) gave detailed descriptions of the type species 

of Caryocorbula. Stenzel et al. (1957) also provided a 

very useful, labelled drawing of the hinge features of the 

type species. 

Some workers (e.g., Keen, 1969; Anderson, 1996; 

Coan, 2002) included Caryocorbula as a subgenus of ge- 

nus Corbula Bruguiére, 1797. Other workers (e.g., Vokes, 

1945; Stenzel et al., 1957; Mikkelsen & Bieler, 2001), 

however, treated Caryocorbula as a distinct genus. It is 

important to emphasize that Caryocorbula differs from 

Corbula sensu stricto (type species Corbula sulcata La- 

marck, 1801) by having a projecting chondrophore on the 

left-valve hinge and an absence of a small posterior tooth 

behind the pit on the right-valve hinge. Corbula, further- 

more, is also unlike most other corbulines in not have a 

projecting chondropore on the left-valve hinge. We be- 

lieve, therefore, that Caryocorbula should not be a sub- 

genus of Corbula. 

The chronologic range of Caryocorbula is Middle Ju- 

rassic to Recent. Its earliest record is apparently Corbula 

tanganyicensis Cox (1965) from Middle Jurassic (Bajo- 

cian?) of Tanganyika, east Africa. Corbula attenuata Ly- 

cett (1863) from the slightly younger Middle Jurassic 

(Bathonian) Great Oolite beds of England appears to be 

the second earliest species of Caryocorbula. We believe 

that both of these species have the main characters of 

Caryocorbula. 

Caryocorbula coani Squires & Saul, sp. nov. 

(Figures 3—6) 

Diagnosis: Medium Caryocorbula with shell subquad- 

rate. Commarginal ribs on both valves weak, poorly de- 

veloped; valves overall smoothish. Posterior keel very 

low. 

Description: Shell medium (maximum length 21.4 mm), 

longer than high. Valves subquadrate to somewhat ovate- 

elongate, moderately inflated, and nearly equivalved. Left 

valve very slightly smaller than right valve and subequi- 

lateral. Anterior end rounded. Posterior end variable in 

amount of elongation, ranging from slight to moderate. 

Posterior keel very low. Umbones low, anterior to mid- 

line of valves; beaks just anterior to midline. Lunule and 

escutcheon absent. Sculpture on both valves consisting of 

closely spaced, weak strength commarginal ribs, best de- 

veloped near ventral margin and anteriorly becoming less 

tangential to ventral margin. Right-valve hinge with sin- 

gle, large cardinal tooth; adjoining pit deep. 
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Dimensions of holotype: Conjoined valves, height 13 

mm, length 19.9, thickness 8.6 mm. 

Holotype: UCMP 155535. 

Type locality: UCMP loc. A-6273, 31°31'N, 116°41'W. 

Paratypes: UCMP 155536 and 155537. 

Geologic age: Late Aptian. 

Distribution: Alisitos Formation, upper member, near 

Punta China, northwestern Baja California, Mexico (Fig- 

ure 1, locale 21). 

Discussion: This new species is based on nine specimens: 

eight pairs of conjoined valves and one right valve. All 

are from the same locality. Most are badly weathered and/ 

or somewhat crushed. Sculpture is either worn, weath- 

ered, or poorly developed, except near the ventral mar- 

gins, thereby imparting an apparent smoothness to the 

valves. One of the specimens borrowed from the UCMP 

collection had been cut in half, parallel to the hinge, 

thereby revealing the presence of this tooth. No predatory 

drill holes were found on any of the specimens. 

Only a few of the specimens (e.g., Figure 3) of the 

new species have the posteriorly tapered valves that are 

normally characteristic of Caryocorbula. The new spe- 

cies, nevertheless, is placed in Caryocorbula on the basis 

of similarity in size, inflatedness, and sculpture of both 

of the valves, as well as an absence of a lunule or es- 

cutcheon. 

The new species is most similar to Caryocorbula bet- 

syae Marincovich (1993:23, 26, figs. 13.1-13.20, 14.1— 

14.6), from lower Cenozoic (Danian) strata in northern 

Alaska. Like the new species, the posterior elongation of 

C. betsyae ranges from slight to moderate (e.g., see Mar- 

incovich, 1993, figs. 13.3 and 13.6). In addition, C. bet- 

syae has very weak sculpture, like that found on the new 

species. Caryocorbula coani differs from C. betsyae by 

having a weaker keel and sculpture that is not irregularly 

rugose. 

Etymology: The species is named for Eugene V. Coan, 

in recognition of his many valuable contributions to the 

study of bivalves. 

Caryocorbula onoensis Squires & Saul, sp. nov. 

(Figures 7—9) 

Diagnosis: Small Caryocorbula. Commarginal ribs on 

both valves moderately closely spaced, weak to medium, 

becoming stronger ventrally. Posterior keel moderately 

low. 

Description: Shell small (maximum length 11.6 mm), 

longer than high. Valves trigonal ovate, tapered posteri- 

orly, moderately inflated, and subequilateral. Anterior end 

rounded. Posterior end subtruncate. Posterior slope on 

both valves subvertical, with growth lines only, and set 
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off by moderately low, straight keel. Umbones moderate- 

ly high, at midline of valves; beaks prosogyrate, just an- 

terior to midline. Lunule and escutcheon absent. Sculp- 

ture on both valves consisting of moderately closely 

spaced, weak to medium strength commarginal ribs, and 

overlapping shinglelike. Sculpture on each valve, stron- 

gest ventrally, especially on left valve. Ribs on left valve 

also becoming more widely spaced ventrally and showing 

prominent growth lines. Right-valve umbo can be smooth 

(worn?). Left-valve hinge with projecting chondrophore; 

adjoining pit deep. 

Dimensions of holotype: Left valve, 7.9 mm in height, 

11.4 mm in length. 

Holotype: LACMIP 13100. 

Type locality: LACMIP loc. 24285, 39°16'40’N, 

122°19'52’W. 

Paratypes: LACMIP 13101 and 13102. 

Geologic age: Late early Albian to Cenomanian. 

Distribution: UPPER LOWER ALBIAN: Budden Can- 

yon Formation, Chickabally Member, Texas Springs, 

Shasta County, northern California (Figure 1, locale 4). 

CENOMANIAN: Great Valley Series, in lower part of 

informal Antelope Shale at “‘Peterson Ranch,” north of 

Sites, Colusa County, northern California (type locality) 

(Figure 1, locale 9). UPPER ALBIAN TO UNDIFFER- 

ENTIATED CENOMANIAN: Budden Canyon Forma- 

tion, Bald Hills Member, Bald Hills near Ono, Shasta 

County, northern California (Figure 1, locale 4). 

Discussion: This new species is based on 38 specimens: 

25 right vales and 13 left valves. No conjoined valves 

were found. Specimen are most abundant at LACMIP loc. 

29230, located at Texas Springs, near Ono, northern Cal- 

ifornia. The holotype and paratype are somewhat worn, 

but they are most complete specimens available. Only a 

single specimen (Figure 9) shows a predatory drill hole. 

The new species is similar to Corbula tanganyicensis 

Cox (1965:122, pl. 19, figs. 9a, 9b, 12a—d) from Middle 

Jurassic (Bajocian?) of Tanganyika, East Africa. The new 

species differs by being larger and having a more elon- 

gate right valve. The new species is also similar to Cor- 

bula attenuata Lycett (1863:62—63, pl. 37, figs. 6, 6a) 

from the Middle Jurassic (Bathonian) Great Oolite of 

England, but the new species differs by having slightly 

stronger sculpture and a less pronounced keel on the left 

valve. 

The new species resembles Corbula lineata Miller 

(1847:26, pl. 2, figs. 6; Holzapfel, 1889:146—147, pl. 10, 

figs, 16-19) from the Greensand beds of Vaals and Aa- 

chen, Germany, which are of earliest Campanian age (AI- 

bers, 1976). We believe that Miiller’s species has all the 

characteristics of a Caryocorbula. The new species dif- 

fers from-Caryocorbula lineata by having fewer com- 

marginal ribs with deeper interspaces, and a somewhat 

more rostrate right valve. 

Etymology: The new species is named for Ono, Califor- 

nia. 

Caryocorbula vacca Squires & Saul, sp. nov. 

(Figures 10—12) 

Diagnosis: Small Caryocorbula. Commarginal ribs on 

both valves very closely spaced and very weak (mainly) 

to weak strength, occasionally crossed by minute radial 

threads, posterior keel low to moderately strong. Posterior 

end with short rostrum. 

Description: Shell small (maximum length 9.6 mm), lon- 

ger than high. Valves trigonal ovate, tapered posteriorly, 

moderately inflated, and subequilateral. Left valve slight- 

ly smaller than right valve. Anterior end rounded. Pos- 

terior end projected into short rostrum. Posterior slope 

wide, flattish, at moderate angle and set off by low to 

moderately strong, straight keel; rostrum short, truncate. 

Umbones moderately high, at midline of valves; beaks 

prosogyrate, just anterior to midline. Sculpture similar on 

both valves and consisting of closely spaced (6 to 10 ribs/ 

mm) very weak (mainly) to weak strength commarginal 

ribs; occasionally intersected, on both valves, by minute 

radial threads (especially on umbones). Commarginal ribs 

continue onto posterior slope. On some specimens, ven- 

tral parts of both valves curl hingeward with growth, 

causing change in slope of disk; ribs on curled part 

becoming slightly stronger, wavy, and with deep inter- 

spaces. Left-valve hinge with slightly projecting chon- 

drophore; adjoining pit wide and deep. Right-valve hinge 

with single, large cardinal tooth; adjoining pit deep. Pal- 

lial line simple, well developed, not indented. 

Dimensions of holotype: Conjoined valves, 6 mm in 

height, 9.5 mm in length, 4.5 mm in thickness. 

Holotype: LACMIP 13103. 

Type locality: LACMIP loc. 

122°6'25"W. 

Paratype: LACMIP 13104. 

24365, 40°39'10’N, 

Geologic age: Turonian. 

Distribution: Hornbrook Formation, Osburger Gulch 

Member, Yreka area, Siskiyou County, northern Califor- 

nia (Figure 1, locale 3); Redding Formation, Bellavista 

Sandstone and Frazier Siltstone (type locality) members, 

east of Redding, Shasta County, northern California (Fig- 

ure 1, locale 5); Budden Canyon Formation, lower part 

of Gas Point Member, near Ono, Shasta County, northern 

California (Figure 1, locale 4); Ladd Formation, Baker 

Canyon Member, Santa Ana Mountains, Orange County, 

southern California (Figure 1, locale 19). 

Discussion: This new species is based on 98 specimens: 
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57 right valves, 34 left valves, and seven pairs of con- 

joined-valves. Only one valve (right valve) has a preda- 

tory drill hole. At LACMIP loc. 10079 in the Baker Can- 

yon Member, the new species co-occurs with Excorbula 

coqua, gen. et sp. nov. 

The new species is similar to Corbula truncata Sow- 

erby (1836:240, 341, pl. 16, fig. 8; Woods, 1908:215, pl. 

34, figs. 17-22) from the upper Albian Upper Greensand 

in England but differs from C. truncata by having radial 

riblets, slightly stronger commarginal ribs, and on the left 

valve, a weaker rostrum. We believe that Sowerby’s spe- 

cies belongs to Caryocorbula. 

Caryocorbula vacca is intermediate in morphology be- 

tween C. onoensis and C. traskii. Caryocorbula vacca 

differs from C. onoensis by having weaker and more 

closely spaced ribs, and C. vacea differs from C. traskii 

by having much more prominent ribs on the left valve 

and stronger and more widely spaced ribs on the right 

valve. 

Etymology: The species is named for its occurrence in 

Little Cow Creek Valley, east of Redding, Shasta County; 

Latin, vacca meaning cow. 

Caryocorbula traskii (Gabb, 1864) 

(Figures 13-17) 

Corbula traskii Gabb, 1864:149, pl. 22, figs. 121, 121a. 

Corbula minima da Orbigny. Whiteaves, 1879:138, pl. 17, 

figs. 4, 4a. 

Corbula traskii? Gabb. Whiteaves, 1879:138, pl. 17, fig. 3. 

Diagnosis: Medium Caryocorbula with left valve nearly 

smooth. Commarginal ribs on right valve very closely 

spaced and very weak. Posterior keel very low on both 

valves. 

Description: Shell medium (maximum length 15 mm), 

longer than high. Valves trigonal ovate, tapered posteri- 

orly, moderately inflated, subequilateral, and nearly equi- 

valved. Left valve very slightly smaller and slightly less 

inflated than right valve. Anterior end rounded. Posterior 

end somewhat truncate. Posterior keel very low on both 

valves. Umbones moderately low, at midline of valves; 

beaks prosogyrate, just anterior to midline. Lunule and 

escutcheon absent. Left valve with very weak commar- 

ginal ribs to nearly smooth. Right valve with very closely 

spaced (approximately 11 ribs/mm on adult), very weak 

strength commarginal ribs; rarely becoming somewhat 

wavy ventrally. Left-valve hinge with projecting chon- 

drophore separated into two parts by shallow groove, 

widening posteriorly. 

Dimensions of lectotype: Left valve, 5.3 mm in height, 

8.3 mm in length. 

Lectotype: UCMP 155538 [= CGS 145], designated 

here. 
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Type locality: Exact location unknown, Pentz, Butte 

County, northern California. 

Geologic age: Coniacian to middle Campanian. 

Distribution: CONIACIAN: Chico Formation, Pondero- 

sa Way Member, Chico Creek, Butte County, northern 

California (Figure 1, locale 7). SANTONIAN: Redding 

Formation, Member V, east of Redding, Shasta County, 

northern California (Figure 1, locale 5); Chico Formation, 

Musty Buck Member, Chico Creek, Butte County, north- 

ern California (Figure 1, locale 7). LOWER CAMPAN- 

IAN: Chico Formation, Ten Mile Member, Chico Creek, 

Butte County, northern California (Figure 1, locale 7); 

Chico Formation, Pentz Road member (informal), Butte 

County, northern California (type locality) (Figure 1, lo- 

cale 8); Chico Formation, ?Tuscan Springs, Tehama 

County, northern California (Figure 1, locale 6); Ladd 

Formation, Holz Shale Member (upper part), Santa Ana 

Mountains, Orange County, southern California (Figure 

1, locale 19); Williams Formation, Schulz Member, Santa 

Ana Mountains, Orange County, southern California 

(Figure 1, locale 19). MIDDLE CAMPANIAN: Pigeon 

Point Formation, south of San Francisco, San Mateo 

County, northern California (Figure 1, locale 13); Chat- 

sworth Formation, Bell and Dayton canyons, Simi Hills, 

Ventura County, southern California (Figure 1, locale 18). 

UNDIFFERENTIATED CAMPANIAN: Northumberland 

Formation, northwest side of Hornby Island, east side of 

Vancouver Island, British Columbia (Figure 1, locale 1). 

Discussion: This study of Gabb’s species is based on 511 

specimens (including Gabb’s original material): 295 right 

valves, 127 left valves, and 89 pairs of conjoined valves. 

Five specimens (all right valves) show predatory drill 

holes. 

Corbula_ traskii Gabb (1864:149, pl. 22, figs. 121, 

121a) was originally reported from Texas Flat, Placer 

County; Tuscan Springs, Tehama County; and Pentz [= 

Pence’s Ranch], Butte County, northern California. Ac- 

cording to Stewart (1930:289), UCMP has a number of 

specimens which are presumably the original material 

upon which Gabb based his species. Our search of the 

UCMP collection resulted in the discovery of two cabi- 

nets containing original material formerly stored under 

the auspices of the old California Geological Survey col- 

lection. A box labelled ““CGS no. 145, original material,” 

contains several specimens of Corbula and possibly sev- 

eral other genera of bivalves. Because Gabb did not des- 

ignate a holotype, we selected the best preserved speci- 

men (Figure 14) to serve as the lectotype. It has labels 

glued to it that identify the specimen as Corbula traskii 

Gabb and as CGS 145. This specimen is indistinguishable 

in morphology from the other specimens of this species 

from Pentz. 

A poorly preserved specimen questionably labelled as 

from Tuscan Springs is also among the original material 
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of Gabb’s stored at UCMP. No original material was 

found from Texas Flat, thus this occurrence could not be 

verified. 

Whiteaves (1879:138, pl. 17, fig. 3.) reported C. tras- 

kii? from the northwest side of Hornby Island, but, ac- 

cording to him, the specimens are too poorly preserved 

for positive specific identification. His illustrated speci- 

men appears to be an internal mold. There are no GSC 

numbers for any of these specimens mentioned by Whi- 

teaves, and they were not found by Bolton (1965). 

Whiteaves (1879:138, pl. 17, figs. 4, 4a) also reported 

Corbula minima d Orbigny, 1847, from the northwest 

side of Hornby Island, east side of Vancouver Island, 

British Columbia. Whiteaves (1879) illustrated a left and 

a right valve, but only the left valve (GSC hypotype 

5742) was detected by Bolton (1965:99). Examination of 

the left-valve specimen (GSC hypotype 5742) revealed 

that it is Caryocorbula traskii, and an illustration (Figure 

15) is provided here. 

Caryocorbula traskii is similar to Corbula broggii Ols- 

son (1944:65—66, pl. 6, figs. 1-3) from Maastrichtian 

strata in the Paita region of northern Peru, and even Ols- 

son remarked on the similarity. Caryocorbula traskii dif- 

fers from the Peruvian species by having more inflated 

valves and finer ribs. 

Caryocorbula lomana Squires & Saul, sp. nov. 

(Figures 18—22) 

Diagnosis: Very small Caryocorbula with shell usually 

quadrate. Commarginal ribs on both valves very weak to 

weak. Posterior slope usually squarish, bearing ribs more 

widely spaced and more prominent than elsewhere. 

Description: Shell very small (maximum length 6 mm), 

longer than high. Valves usually quadrate, rarely trigonal, 

lowly inflated, and inequilateral. Left valve slightly small- 

er than right valve. Anterior end rounded. Posterior end 

truncate. Posterior dorsal margin of right valve ridged and 

parallel or subparallel to hinge. Posterior keel sharp on 

both valves. Posterior slope wide and tall. Umbones low, 

at midline of valves; beaks prosogyrate, just anterior to 

midline. Lunule and escutcheon absent. Sculpture on both 

valves usually consisting of very weak to weak, closely 

spaced commarginal ribs; some variability in rib strength, 

ranging from moderately weak to moderately strong. Pos- 

terior slope on both valves with fewer ribs, but more 

widely spaced and usually more prominent than else- 

where. Left valve with microscopic radials in interspaces 

between ribs and minute, raised radial threads on anterior 

or posterior part of valve. Left-valve hinge with project- 

ing chondrophore, flattish with median groove; adjoining 

pit narrow and deep. Right-valve hinge with small car- 

dinal tooth; adjoining pit wide and deep. Right-valve in- 

terior grooved for reception of margin of left valve. Pos- 

terior ends of both valves flattened and somewhat pro- 
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jected, with extreme postero-ventral margin bluntly point- 

ed where keel meets ventral margin. Pallial line simple, 

nearly vertical posteriorly, with slight indentation. Ad- 

ductor muscle scars prominent, posterior one larger. 

Dimensions of holotype: Conjoined valves, 3 mm in 

height, 4.6 mm in length, 2 mm in thickness. 

Holotype: SDSNH 81140. 

Type locality: SDSNH loc. 3387, 33°8’22N, 117°17'0"W. 

Paratypes: SDSNH 81141 and 81142; LACMIP 13108 

and 13109. 

Geologic age: Campanian to early Maastrichtian. 

Distribution: LOWER CAMPANIAN: Chico Formation, 

Ten Mile Member, Chico Creek, Butte County, northern 

California (Figure 1, locale 7). MIDDLE CAMPANIAN: 

Chatsworth Formation, Simi Hills, Ventura County, 

southern California (Figure 1, locale 18). UPPER CAM- 

PANIAN TO LOWER MAASTRICHTIAN: Point Loma 

Formation, Carlsbad area, San Diego County, southern 

California (type locality) (Figure 1, locale 20); Rosario 

Formation, Arroyo Santa Catarina, northwestern Baja 

California, Mexico (Figure 1, locale 22). 

Discussion: This new species is based on 289 specimens: 

119 right valves, 60 left valves, and 110 pairs of con- 

joined valves. Preservation is excellent for specimens 

from the Point Loma Formation, and specimens were par- 

ticularly abundant from that stratigraphic unit at SDSNH 

loc. 3387. This locality yielded 239 specimens: 85 left 

valves, 51 right valves, and 103 pairs of conjoined valves. 

Thirty-six of these 239 specimens show predatory drill 

holes: 14 on left valves and 19 on right valves. 

The new species resembles Corbula swedesboroensis 

Weller (1907:644—645, pl. 72, figs. 33-36) from Cam- 

panian strata of New Jersey but differs from Weller’s spe- 

cies by having a more quadrate rostrum with stronger and 

more widely spaced commarginal ribs. The left valve of 

Weller’s species is not known. 

The usually squarish rostrum on the new species re- 

sembles that found on Tenuicorbula tenuis (Sowerby, 

1833:36; Olsson, 1961:434, pl. 77, figs. 3, 3a), the type 

species of the Miocene to Recent Tenuicorbula Olsson, 

1932, known from Central and South America. The new 

species differs from 7. tenuis by having smaller size, 

much less elongate shell, ribs more widely spaced on ros- 

trum, only a single rather than a double keel on both 

valves, and a straighter keel. 

Etymology: The species is named for the Point Loma 

Formation, San Diego County, southern California. 

Genus Excorbula Squires & Saul, gen. nov. 

Type species: Excorbula parkyi, sp. noy.; Late Creta- 

ceous (Turonian to Santonian), California. 
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Diagnosis: Shell small to medium, trigonal to trigonal- 

oblong, with subequilateral, equally inflated, and nearly 

equal-sized valves. Left valve smooth or with very weak 

commarginal ribs, rarely with weakly ribbed nepionic 

cap. Right valve initially smooth or with very weak ribs 

becoming stronger toward venter. Posterior slope on right 

valve very narrow (groovelike) to moderately wide, and 

set off by two, narrowly spaced keels close to valve mar- 

gin; one keel emanating from approximately midline of 

valve and other keel formed by ridge along posterior dor- 

sal margin. Left-valve hinge with inclined, slightly pro- 

jecting spoon-shaped chondrophore bearing median 

groove. Right-valve hinge with large, single cardinal 

tooth; adjoining pit deep. 

Discussion: The new genus resembles Ursirivus Vokes, 

1945, a Cenomanian corbulid, but the new genus has a 

more trigonal shape, discrepant sculpture, and an absence 

of a deep lunule. 

The new genus also resembles Vokesula Stenzel & 

Twining in Stenzel et al., 1957, which ranges from the 

early Eocene to early Oligocene (Stenzel et al., 1957; 

Keen, 1969), but the new genus has less discrepant-sized 

valves, and two keels rather than only one on the right 

valve. In addition, Excorbula has a less inflated and pro- 

portionally shorter right valve with narrower umbones 

than Vokesula. 

The new genus resembles Varicorbula Grant & Gale, 

1931, which ranges from the early Eocene to Recent 

(Keen, 1969), but Excorbula has less discrepant-sized 

valves, no faint radial ribs on the surface of the left valve, 

and two keels rather than a single obscure one on the 

right valve. 

The new genus resembles Notocorbula Iredale, 1930, 

which ranges from the Eocene to Recent (Stenzel et al., 

1957), but Excorbula has a more or less quadrate shape; 

is much more equivalved in terms of size, height, and 

inflation; has a keel on right valve much nearer posterior 

dorsal margin; and the dorsal margin is keellike, lacks 
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radial ribs on the left valve, and has a much narrower 

posterior slope. In addition, Excorbula has a proportion- 

ally lower and less inflated right valve than Notocorbula. 

The new genus resembles Jurassicorbula_ Fiirsich, 

1981, a Late Jurassic corbulid, but Excorbula has a less 

elongate shape, more equal inflation of the valves, two 

keels (on the right valve), and no posterior lateral teeth 

on the right-valve hinge. 

Excorbula somewhat resembles Caryocorbula, but Ex- 

corbula differs by having a more trigonal shape, valves 

with discrepant sculpture, two keels, and a groove on the 

chondrophore rather than a median ridge. 

Etymology: The generic name is a combination of the 

Latin ex, meaning from, and Corbula, meaning a little 

basket. 

Excorbula coqua Squires & Saul, sp. nov. 

(Figures 23—28) 

Diagnosis: Small Excorbula with shell oblong. Com- 

marginal ribs of left valve very weak, but strong on right 

valve. Posterior slope narrow on right valve. 

Description: Shell small (maximum length 9.9 mm). 

Valves trigonal oblong, tapered posteriorly, moderately 

inflated, nearly equivalved, and subequilateral. Left valve 

very slightly smaller than right valve. Anterior end round- 

ed. Posterior end projected into short rostrum. Posterior 

slope on left valve wide and nearly smooth, set off by 

low keel. Posterior slope on right valve very narrow, con- 

cave, grooved, and set off by two, narrowly spaced keels 

close to valve margin; one keel emanating from approx- 

imately midline of valve and second, stronger “‘keel” 

formed by ridge along posterior dorsal margin. Posterior 

dorsal margin ridge usually widened posteriorly. Umbo- 

nes moderately high, at midline of valves; beaks proso- 

gyrate, just anterior to midline. Sculpture consisting of 

commarginal ribs becoming stronger with increased valve 

Figures 21-39. Specimens coated with ammonium chloride. Figures 21, 22. Caryocorbula lomana Squires & 

Saul, sp. nov. Figure 21, Paratype LACMIP 13109, LACMIP loc. 2853, right valve, 7.8. Figure 22. Paratype 

SDSNH 81142, SDSNH loc. 3387, dorsal view, X11.7. Figures 23-28. Excorbula coqua Squires & Saul, gen. & 

sp. nov. Figure 23. Paratype LACMIP 13111, LACMIP loc. 8180, left valve, <9.3. Figures 24, 25. Holotype 

LACMIP 13110, LACMIP loc. 10884, right valve, <4.6. Figure 24. Right valve. Figure 25. Oblique view of dorsal 

margin. Figure 26. Paratype LACMIP 13112, LACMIP loc. 10882, right valve, 6.2. Figure 27. Paratype LACMIP 

13113, LACMIP loc. 10769, immature right valve, X4.8. Figure 28. Paratype LACMIP 13114, LACMIP loc. 10889, 

dorsal view, X6. Figures 29-35. Excorbula parkyi Squires & Saul, gen. & sp. nov. Figures 29-34. LACMIP loc. 

10816. Figure 29. Paratype LACMIP 13115, left valve, X3. Figures 30, 31. Paratype LACMIP 13116. Figure 30. 

Left-valve hinge, X3.3. Figure 31. Left-valve hinge, dorsal view, 3.8. Figure 32. Holotype LACMIP 13117, right 

valve, X2.9. Figure 33. Paratype LACMIP 13118, right valve, oblique view, <2.9. Figure 34. Paratype LACMIP 

13119, right-valve interior, 2.9. Figure 35. Paratype LACMIP 13120, LACMIP loc. 10787, dorsal view, x4. 

Figures 36-39. Excorbula shastana Squires & Saul, gen. & sp. nov. Figure 36. LACMIP paratype 13121, LACMIP 

loc. 24648, left valve, X 10.5. Figure 37. LACMIP holotype 13122, LACMIP 24666, right valve, <5.6. Figure 38. 

LACMIP paratype 13123, LACMIP loc. 24217, partial right valve, 6.7. Figure 39. LACMIP paratype 13121, 

LACMIP loc. 24648, dorsal view. 10. 
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size. Left-valve sculpture with very weak ribs becoming 

weak and more widely spaced toward venter, especially 

antero-ventrally. Right-valve sculpture with very weak 

closely spaced (7 ribs/mm) commarginal ribs on nepionic 

cap and becoming medium strength to strong, wavy, and 

much more widely spaced (2 to 3 ribs/mm) ventrally. 

Left-valve hinge with slightly projecting chondrophore; 

adjoining pit deep. 

Dimensions of holotype: 

Holotype: LACMIP 13110. 

Type locality: LACMIP 10884, 33°42’01"N, 117°36' 

27'W. 

Paratypes: LACMIP 13111 to 13114. 

Geologic age: Turonian. 

Distribution: Redding Formation, Bellavista Sandstone 

Member, east of Redding, Shasta County, northern Cali- 

fornia (Figure 1, locale 5); Ladd Formation, Baker Can- 

yon Member, Santa Ana Mountains, Orange County, 

southern California (type locality) (Figure 1, locale 19). 

Discussion: This new species is based on 62 specimens: 

48 right valves, 12 left valves, and two pairs of conjoined 

valves. Only a single specimen (right valve) was found 

with a predatory drill hole. At LACMIP loc. 10079 in the 

Baker Canyon Member, the new species co-occurs with 

a few specimens of Caryocorbula vacca. 

The new species is most similar to Excorbula shas- 

tana, gen. & sp. nov., but E. coqua differs by having a 

more elongate left valve, very weak ribs on the left valve, 

a narrower distance between the keel and the posterior 

dorsal margin on the adult right valve, and stronger ribs 

on the right valve. 

Etymology: The specific name coqua is Latin, meaning 

to bake, and refers to the Baker Canyon Member. 

Excorbula parkyi Squires & Saul, sp. nov. 

(Figures 29-35) 

Diagnosis: Medium Excorbula with shell trigonal. Left 

valve smooth. Commarginal ribs strong on right valve. 

Posterior slope very narrow (groovelike) on right valve. 

Description: Shell medium (maximum length 15 mm), 

longer than high. Valves trigonal, equally moderately in- 

flated, nearly equivalved, and nearly equilateral. Left 

valve slightly smaller than right valve. Anterior and pos- 

terior dorsal margins moderately steep and nearly equal. 

Posterior slope on left valve set off by low keel; posterior 

slope on some left valves also with weaker radial rib em- 

anating from umbo and continuing to mid portion of pos- 

terior margin. Posterior slope on right valve coincident 

with narrow groove, set off by two, closely spaced keels, 

of nearly equal strength, and close to margin of valve. 
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One keel emanating from approximate midline of valve; 

outer keel coincident with ridge on posterior dorsal mar- 

gin. Umbones moderately high, at midline of valves; 

beaks prosogyrate, just anterior to midline. Sculpture dis- 

crepant on valves. Left valve usually with only prominent 

growth lines; rarely immature part (nepionic to 2 mm in 

height) with very weak, closely spaced ribs becoming ob- 

solete ventrally. Right valve with very weak commarginal 

ribs on immature part (nepionic to 5 mm in height). Ribs 

on right valve becoming stronger ventrally, with medium 

strength ribs on early mature part (6 to 8 mm in height) 

and strong ribs on more mature part; coarse ribs overlap- 

ping shinglelike toward umbo and wavy on some speci- 

mens and with deep interspaces on ventral part of valve. 

Left-valve hinge with projecting, broad, chondrophore 

bearing median groove; adjoining pit triangular and deep. 

Right-valve hinge with strong central cardinal tooth, 

curved upward; adjoining pit broad and deep. 

Dimensions of holotype: Right valve, 11.4 mm in height, 

15 mm in length. 

Holotype: LACMIP 13115. 

Type locality: LACMIP loc. 

122°6'W. 

Paratypes: LACMIP 13116 to 13120. 

10816, 40°38'10’N, 

Geologic age: Coniacian to early Santonian. 

Distribution: CONIACIAN: Redding Formation, Bear 

Creek Sandstone Member and Member IV, east of Redd- 

ing, Shasta County, northern California (type locality) 

(Figure 1, locale 5); Chico Formation, Ponderosa Way 

Member, Chico Creek, Butte County, northern California 

(Figure 1, locale 7). LOWER SANTONIAN: Redding 

Formation, Member V, east of Redding, Shasta County, 

northern California (Figure 1, locale 5). 

Discussion: This new species is based on 398 specimens: 

282 right valves, 113 left valves, and three pairs of con- 

joined valves. Many of the single-valved specimens are 

fragments. Eleven specimens (five left valves and six 

right valves) show predatory drill holes. The new species 

is most abundant at the type locality in Oak Run east of 

Redding, northern California. 

The new species resembles Jurassicorbula edwardi 

(Sharpe, 1850:191—192, pl. 21, figs. 2a, b; Fiirsich, 1981: 

738-739, figs. la, b) from Upper Jurassic strata of Por- 

tugal and France. The new species differs from J. edwardi 

by having a trigonal-shaped left valve rather than an el- 

lipitical one, equally inflated valves, two keels on right 

valve and somewhat stronger ribs on the right valve, as 

well as no lateral teeth on the right-valve hinge. 

Excorbula parkyi also resembles Panzacorbula pozo, 

but E. parkyi differs by having a trigonal shape, no deep 

lunule, no ribs on the left valve, no ribs on the immature 

part of the right valve, and much weaker ribs on the ma- 

ture part of the right valve. 
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Etymology: The species is named for Willis Parkison 

(“‘Parky”’) Popenoe, in recognition of his insightful and 

careful work on Cretaceous mollusks from the study area. 

Excorbula shastana Squires & Saul, sp. nov. 

(Figures 36—39) 

Diagnosis: Small Excorbula with shell trigonal to sub- 

trigonal. Left valve smooth. Commarginal ribs on right 

valve up to medium strength. Posterior slope moderately 

wide on right valve. 

Description: Shell small (maximum 8 mm in length), 

longer than high. Left valve trigonal ovate; right valve 

trigonal to subtrigonal, rarely rostrate. Valves nearly equi- 

valved, moderately inflated, right valve more inflated than 

left valve. Left valve slightly smaller than right valve. 

Anterior end rounded. Posterior end truncate, or rarely 

rostrate. Posterior slope of left valve set off by rounded 

keel. Posterior slope of right valve moderately wide and 

set off by two low keels, both becoming more distinct 

ventrally. Ventral-most keel strongest, dorsal-most keel 

near but not coincident with posterior dorsal margin. Um- 

bones wide and low, at midline of valves; beaks proso- 

gyrate, just anterior to midline. Left valve nearly smooth. 

Right valve with nearly smooth umbo (occasional minute 

radial threads), sculpture beginning about just ventral of 

umbo and consisting of moderately closely spaced (5 ribs/ 

mm), very weak strength commarginal ribs, becoming 

slightly stronger (weak) and somewhat wavy ventrally. 

Dimensions of holotype: Right valve, 5.5 mm in height, 

6.8 mm in length. 

Holotype: LACMIP 13121. 

Type locality: LACMIP 24666, 40°4'23"W, 121°44’ 

38’W. 

Paratypes: LACMIP 13122 & 13123. 

Geologic age: Late Coniacian to early Campanian. 

Distribution: UPPER CONIACIAN: Chico Formation, 

Ponderosa Way Member, Chico Creek, Butte County, 

northern California (Figure 1, locale 7). SANTONIAN: 

Redding Formation, upper part of Member VI, east of 

Redding, Shasta County, northern California (type local- 

ity) (Figure 1, locale 5); Chico Formation, Musty Buck 

Member, Chico Creek, Butte County, northern California 

(Figure 1, locale 7). LOWER CAMPANIAN: Chico For- 

mation, Ten Mile Member, Chico Creek, Butte County, 

northern California (Figure 1, locale 7); Chico Formation, 

Pentz Road member (informal), near Pentz, Butte County, 

northern California (Figure 1, locale 8). 

Discussion: This new species is based on 121 specimens: 

106 right valves, 13 left valves, and two pairs of con- 

joined valves. Specimens are the most abundant at LAC- 

Pagest 17. 

MIP loc. 24648. Three specimens (all right valves) show 

predatory drill holes. 

The new species co-occurs with Caryocorbula traskii 

in the Musty Buck Member, Ten Mile Member, and Pentz 

Road member. 

The new species is most similar to E. coqua, but E. 

shastana differs by having a less elongate left valve, no 

ribs on the left valve, a wider distance between the keel 

and the posterior dorsal margin on the adult right valve, 

and weaker ribs on the right valve. 

Etymology: The species is named for Shasta County, 

northern California. 

Panzacorbula Squires & Saul, gen. nov. 

Type species: Panzacorbula pozo (Dailey & Popenoe, 

1966); Late Cretaceous (early late Campanian to early 

Maastrichtian), southern and south-central California. 

Diagnosis: Shell medium, subpryiform to elongate tri- 

gonal. Right valve slightly more inflated than left valve. 

Lunule deep. Commarginal ribs on left valve very weak 

to weak, and right valve covered with strong ribs. Keel 

well developed on juveniles, obsolete on mature speci- 

mens. Chrondophore inclined and spoon-shaped with 

long, narrow pit posteriorly adjoining it. 

Discussion: The new genus is the only known Cretaceous 

brackish-marine corbulid from the study area. 

The new genus resembles Indocorbula Fiirsich et al., 

2000, from Middle Jurassic strata in western India, but 

Panzacorbula differs by having discrepant sculpture; ob- 

solete keel; an inclined, spoon-shaped chondrophre; a 

long, narrow pit posteriorly adjoining the chondrophore; 

and no indication of radial ornament. 

The new genus somewhat resembles Ursirivus Vokes, 

1945, from Cenomanian strata of Texas (Stephenson, 

1952) and Upper Cretaceous strata of Wyoming and Ida- 

ho (Vokes, 1945), but Panzacorbula differs by being 

smaller and having a less elongate shape, discrepant in- 

flatedness of the valves, discrepant sculpture, stronger 

sculpture on the right valve, and the presence of a long, 

narrow pit posteriorly adjoining the chondrophore. 

Etymology: The genus is named for its occurrence in the 

La Panza Mountain Range, California. 

Panzacorbula pozo (Dailey & Popenoe, 1966) 

(Figures 40—45) 

Corbula pozo Dailey & Popenoe, 1966:19—20, pl. 5, figs. 

6-10. 

Corbula? sp. aff. C. pozo Dailey & Popenoe. Elder et al., 

1998:152, pl. 1, fig. 15. 

Corbula n. sp. aff. C. pozo Dailey & Popenoe. Throckmor- 

ton, 1988:pl. 1, fig. 2, table 1. 

Corbula sp. Throckmorton, 1988:table 1. 
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Figures 40-53. Specimens coated with ammonium chloride. Figures 40—45. Panzacorbula Squires & Saul, gen. nov. pozo (Dailey & 

Popenoe, 1966). Figure 40. Holotype LACMIP 8916, LACMIP loc. 23774, left valve, *2.2. Figure 41. Paratype LACMIP 8918, 

LACMIP loc. 23774, left-valve interior, X2.1. Figure 42. Paratype LACMIP 8917, LACMIP loc. 23774, right valve, X2.1. Figure 43. 

Hypotype LACMIP 13124, LACMIP loc. 10667, immature right valve, 4.1. Figure 44. Paratype LACMIP 8917, LACMIP loc. 23774, 

right-valve interior, <2. Figure 45. Holotype LACMIP 8916, LACMIP loc. 23774, dorsal view, 2. Figures 46—49. Eoursivivas cultri- 

formis (Gabb, 1864). Figure 46. Hypotype LACMIP 13125, LACMIP loc. 26345, left valve, 2.6. Figure 47. Hypotype LACMIP 

13126, LACMIP loc. 26345, left valve, X5.1. Figure 48. Lectotype UCMP 11945a, CGS loc. 144, right valve, 5.2. Figure 49. Hypotype 

LACMIP 13127, LACMIP loc. 26345, right valve, X2.3. Figures 50-53. Caestocorbula cavus Squires & Saul, sp. nov., UCMP loc. B- 

5611. Figure 50. Paratype UCMP 155540, left valve, x 13.7. Figures 51-53. Holotype UCMP 155539, 7. Figure 51. Left valve. Figure 

52. Right valve. Figure 53. Dorsal view. 
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Diagnosis: Same as for genus. 

Description: Shell medium (maximum length 21.7 mm); 

moderately thick. Valves subpyriform to trigonal elon- 

gate, inflated (right valve more inflated than left valve), 

nearly equilateral (left valve very slightly smaller than 

right valve), sub-inequilateral. Lunule deep; escutcheon 

less well developed. Anterior and posterior ends rounded. 

Posterior end of both valves projected, set off by subdued, 

very low keel on left valve and sharp keel on juvenile 

right valve; keel becoming obsolete with growth on both 

valves. Umbones moderately high, at midline of valves 

or slightly anterior of midline; beaks prosogyrate, just an- 

terior to midline. Left valve nearly smooth on umbo but 

with very weak to weak, closely spaced ribs toward ven- 

ter. Right valve with strong, widely spaced wavy ribs, 

overlapping shinglelike toward umbo, and with deep in- 

terspaces. Ribs on both valves gradually becoming ob- 

solete posteriorly, producing smooth posterior slope. Left- 

valve hinge with thickened lunular margin (which fits into 

narrow antecardinal socket in right valve), somewhat nar- 

row V-shaped socket, and large spoon-shaped chondro- 

phore with edges delimited by ridges. Chondrophore pro- 

jecting beyond plane of commissure and aligned at an 

angle of approximately 45° to it. Pit posteriorly adjoining 

chondrophore V-shaped, long, narrow, and deep. Right- 

valve hinge with narrow antecardinal socket; single, large 

triangular cardinal tooth; adjoining pit trigonal, broad, 

and deep. Cardinal tooth situated below and slightly an- 

terior to beak to which it is joined by narrow ridge. 

Dimensions of holotype: Conjoined valves, 15 mm in 

height, 21.7 mm in length, 11.2 mm in thickness. 

Holotype: LACMIP 8916 (= ex UCLA 40427). 

Type locality: LACMIP loc. 23774. 

Paratypes: LACMIP 8917 and 8918 (= ex UCLA 40428 

and 40429). 

Geologic age: Early late Campanian to early late Maas- 

trichtian. 

Distribution: LOWER UPPER CAMPANIAN: Jalama 

Formation, Santa Barbara County, southern California 

(Figure 1, locale 17). UPPER CAMPANIAN/LOWER 

MAASTRICHTIAN UNDIFFERENTIATED: Gualala 

Formation, Anchor Bay Member, Mendocino County, 

northern California (Figure 1, locale 10); unnamed Cre- 

taceous formation, Pozo district, San Luis Obispo, central 

California (type locality) (Figure 1, locale 16). LOWER 

MAASTRICHTIAN: Tesla Formation, near base of lower 

sandstone member, Corral Hollow, east of Livermore, Al- 

ameda County, western edge of San Joaquin Valley, cen- 

tral California (Figure 1, locale 12). UPPER LOWER TO 

LOWER UPPER MAASTRICHTIAN: Moreno Forma- 

tion, Tierra Loma Member, Ortigalita Creek, south of Los 

Banos Reservoir, Merced County, west side of San Joa- 

quin Valley, central California (Figure 1, locale 14). 
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Discussion: This study of Dailey and Popenoe’s species 

is based on 124 specimens (including the type material): 

96 right valves, 25 left valves, and three pairs of con- 

joined valves. Only one specimen (right valve) has a 

predatory drill hole. There can be some variation in the 

strength of the ribs. At UCMP locs. D-8149 and D-8174, 

near the base of the lower sandstone member of the Tesla 

Formation, some right valves have weaker ribs than nor- 

mal. 

The overall shell shape and lunule depth of Panzacor- 

bula pozo is remarkably similar to Indocorbula basseae 

(Singh & Rai, 1980:79, pl. 1, fig. 6a; Fiirsich et al., 2000: 

142, pl. 17, figs. 14, 15, pl. 18, figs. 8, 9) from Middle 

Jurassic strata of western India. Panzacorbula pozo dif- 

fers from the Indian species by having an inclined, spoon- 

shaped chondrophore (rather than a flattish one) and 

valves with significantly discrepant sculpture. Both valves 

of 1. basseae have coarse ribs. 

Panzacorbula pozo strongly resembles Caryocorbula? 

ovisana Stephenson (1952:129, pl. 32, figs. 9-15) from 

Cenomanian strata of Texas, but P. pozo differs by having 

a less trigonal shape and a weaker keel on both valves. 

In addition, on the left valve of P. pozo, the socket that 

accommodates the right-valve cardinal tooth is much nar- 

rower and V-shaped, rather than wide-oval. 

Panzacorbula pozo resembles somewhat Excorbula 

parkyi, but P. pozo differs by having a subpyriform 

shape, lunule, ribs on the left valve, ribs on the immature 

part of the right valve, and much stronger ribs on the 

mature part of the right valve. 

Genus Eoursivivas Ota, 1964 

Type species: Corbula matsumotoi Hase, 1960, by orig- 

inal designation; Early Cretaceous (Valanginian to Hau- 

terivian), Japan. 

Diagnosis: Shell medium, very elongate to subpyriform. 

Sculpture consisting of subdued, irregular bands. Keel 

weak to moderately well developed, with groove between 

it and posterior dorsal margin. 

Discussion: Eoursivivas Ota, 1964, was previously 

known only from Lower Cretaceous (Valanginian to Hau- 

terivian) strata of Japan. Eoursivivas cultriformis is the 

first record of this genus in the Western Hemisphere and 

its youngest record. 

Eoursivivas cultriformis (Gabb, 1864) 

(Figures 46—49) 

Corbula cultriformis Gabb, 1864:149, pl. 22, figs. 122. 

Corbula (Anisorhynchus) cultriformis (Gabb). Dall, 1898: 

840. 

Corbula cultriformis Gabb. Stewart, 1930:289. 

Diagnosis: An Eoursivivas with subdued irregular com- 
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marginal bands. Keel low. Posterior slope slightly con- 

cave. 

Description: Shell medium (maximum 20 mm in length). 

Valves very elongate, nearly equivalved, and inequilater- 

al. Anterior end rounded. Posterior end considerably elon- 

gate, somewhat oblong. Anterior dorsal margin somewhat 

steeper than posterior dorsal margin. Posterior slope 

slightly concave and set off by low keel, situated very 

near valve edge. Posterior dorsal margin somewhat prom- 

inent On some specimens, thereby producing second keel. 

Umbones moderately low, slightly anterior of midline of 

valves; beaks approximately 39% of the distance from the 

anterior end. Lunule and escutcheon absent. Sculpture on 

both valves consisting of rather weakly developed com- 

marginal ribs, occurring as irregular bands. Left-valve 

hinge with projecting chrondrophore. 

Dimensions of lectotype: Right valve, 4.9 mm in height, 

9 mm in length. 

Lectotype: UCMP 11945a [= CGS 144], designated 

here. 

Type locality: Exact location unknown, Martinez, Contra 

Costa County, northern California. 

Geologic age: Late early to early late Maastrichtian. 

Distribution: UPPER LOWER TO LOWER UPPER 

MAASTRICHTIAN: Moreno Formation, Tierra Loma 

Member, Ortigalita Creek, south of Los Banos Creek Res- 

ervoir, Merced County, west side of San Joaquin Valley, 

central California (Figure 1, locale 14). MAASTRICH- 

TIAN UNDIFFERENTIATED: Great Valley Series, near 

Martinez, northern California (type locality) (Figure 1, 

locale 11). 

Discussion: This study of Gabb’s species is based on 35 

specimens (including Gabb’s syntypes): 22 right valves 

and 13 left valves. No conjoined valves were detected. 

Only one specimen (right valve) has a predatory drill 

hole. Most of the specimens are weathered, and on those 

with severe weathering, the growth bands become riblike. 

Stewart (1930:289) reported that the type material of 

this species should be at UCMP, and that one of these 

specimens is UCMP specimen 11945a. Our search of this 

collection resulted in the detection of two cabinets con- 

taining Gabb’s material formerly stored under the auspic- 

es of the old California Geological Survey (CGS) collec- 

tion. A box labelled ““CGS no. 144, original material,” 

contains seven specimens of Corbula cultriformis, and 

one of these is labelled 11945a. All of these specimens 

are poorly preserved internal molds, external molds, or 

have retained only a portion of their shell. Because Gabb 

did not designate a holotype, we select specimen 11945a, 

which has some of its shell intact (Figure 48), to serve 

as the lectotype. 

Eoursivivas cultriformis is most similar to Eoursivivas 

The Veliger, Vol. 47, No. 2 

matsumotoit (Hase, 1960:332, pl. 39, figs. 5-21; Ota, 

1964:155—-157, pl. 21, figs. 1-11, text fig. 4; Hayami, 

1975:146, pl. 10, figs. 7, 8; Tashiro, 1992:pl. 74, fig. 2) 

from Lower Cretaceous (Valanginian to Hauterivian) stra- 

ta of Japan. Eoursivivas cultriformis differs from E. mat- 

sumotoi by having a slightly better developed keel and a 

slightly concave posterior slope. 

Subfamily CAESTOCORBULINAE Vokes, 1945 

Genus Caestocorbula sensu lato Vincent, 1910 

Type species: Corbula henckeliusiana Nyst, 1836, by 

original designation; Eocene, Belgium. 

Diagnosis: Shell small to moderate, subtrigonal, moder- 

ately inflated, and inequivalved. Left valve usually much 

smaller, less inflated, less rostrate, and with generally 

weaker commarginal ribs than on right valve. Accessory 

siphonal plate of left valve rectangular, with faint median 

groove, and fitting into rostrum of right valve. Left valve 

lacking all trace of posterior elongation. Left-valve hinge 

with projecting chondrophore. Right valve produced pos- 

teriorly into a prominent rostral “‘snout.”” Right cardinal 

tooth relatively large and heavy. Pallial sinus extremely 

well developed (Vokes, 1944, 1945; Keen, 1969). 

Discussion: Vokes (1945) provided taxonomic details and 

a detailed description of the genus. 

Caestocorbula (Caestocorbula) Vincent, 1910, is very 

similar to Caestocorbula (Parmicorbula) Vokes, 1944. 

Fossil specimens of Caestocorbula are virtually indistin- 

guishable from Parmicorbula, unless their accessory si- 

phonal plate posterior to the right valve is preserved; 

however, the siphonal plate is rarely found on fossil spec- 

imens. For both of the new species described below, no 

information is known about the accessory siphonal plates; 

hence, Caestocorbula sensu lato is used. 

The earliest records of Caestocorbula sensu stricto are 

Caestocorbula morinoi Tashiro & Kozai, 1991, from ei- 

ther Lower Cretaceous (Valanginian or Barremian) strata 

in Japan, and Caestocorbula antiqua Kozai, 1987, from 

Lower Cretaceous (either upper Hauterivian or Barremi- 

an) strata in Japan. The earliest record of Parmicorbula 

is Parmicorbula neaeroides (Blanckenhorn, 1890) from 

Aptian (undifferentiated) rocks in Lebanon and Syria 

(Vokes, 1944, 1945; Keen, 1969). Tashiro & Kozai 

(1991) tentatively reported Parmicorbula from lower Ap- 

tian strata in Japan. According to Keen (1969), Caesto- 

corbula and Parmicorbula both went extinct in the Eo- 

cene. 

Caestocorbula cavus Squires & Saul, sp. nov. 

(Figures 50—53) 

Diagnosis: Small Caestocorbula with both valves ovate. 

Commarginal ribs on left valve uniformly very weak, 

those on right valve uniformly weak. 
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Description: Shell small (maximum length 9 mm), longer 

than high. Valves ovate, slightly inflated, and inequilater- 

al. Left valve smaller than right valve. Anterior end 

rounded. Posterior dorsal part of left valve deeply in- 

dented and concave, passing into short rostrum. Posterior 

slope of left valve with very low to obscure keel. Pos- 

terior end of right valve with projected rostal “‘snout.”’ 

Umbones central. Sculpture on left valve consisting of 

moderately closely spaced, uniformly very weak com- 

marginal ribs. Sculpture on right valve consisting of mod- 

erately closely spaced, uniformly weak ribs, becoming 

slightly more widely spaced ventrally. 

Dimensions of holotype: Conjoined valves, 4 mm in 

height, 6 mm in length, 1.8 mm in thickness. 

Holotype: UCMP 155539. 

Type locality: UCMP B-5611, 31°28’'N, 116°36’30’W. 

Paratype: UCMP 155540. 

Geologic age: Late Aptian. 

Distribution: Alisitos Formation, upper member, Arroyo 

de la Cueva, just southeast of Punta China, northwestern 

Baja California, Mexico (Figure 1, locale 21). 

Discussion: This new species is based on 13 specimens: 

nine right valves, three pairs of conjoined valves, and one 

left valve. All are from the type locality, and they are 

somewhat poorly preserved. Some seem to have been dis- 

torted by crushing. The adult left valve of this species is 

not well known. The best preserved left valve is that of 

a very early juvenile (Figure 50). The left valve of the 

holotype is an adult but is poorly preserved (Figures 51— 

53): 

The new species is assigned to Caestocorbula based 

on the projected rostral ‘“‘snout” of the right valve ap- 

parently extending farther than the short rostrum on the 

left valve. 

Caestocorbula cavus is most similar to Caestocorbula 

(s. 1.) ohtai Kozai (1987:329-330, fig. 3-12-20) from 

Cenomanian strata of Japan. The new species differs from 

C. ohtai by having an ovate left valve and ribbing that 

does not curve dorsally on the anterior part of the left 

valve. 

Etymology: The species is named for its occurrence in 

Arroyo de la Cueva (Spanish for cave), Baja California, 

Mexico; Latin, cavus meaning cave. 

Caestocorbula attina Squires & Saul, sp. nov. 

(Figures 54-57) 

Diagnosis: Very small Caestocorbula with left valve tri- 

angular, right valve subtrigonal. Commarginal ribs on left 

valve very weak, irregularly spaced; those on right valve 

very weak to weak, prominent, and with deep interspaces; 

ribs on right valve becoming stronger ventrally. 
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Description: Shell very small (maximum length 5.5 

mm), higher than long. Left valve smaller and less in- 

flated than right valve. Left valve triangular, lowly inflat- 

ed, umbones at midline of valves. Right valve subtrigon- 

al, prominently inflated; anterior margin broadly rounded; 

posterior end produced into “‘spout-like’’ rostration. Pos- 

terior slope of right valve nearly vertical and set off by 

straight keel, causing wrinkles in adjacent ornament. 

Umbo of right valve broadly rounded and low, at midline 

of valve; beak prosogyrate. Left valve smooth on umbo, 

sculpture consisting of very weak commarginal ribs, ir- 

regularly spaced. Right-valve sculpture prominent, con- 

sisting of very weak to weak commarginal ribs, becoming 

stronger toward ventral margin; interspaces consistently 

deep. 

Dimensions of holotype: Right valve, 4.5 mm in height, 

5.5 mm in length. 

Holotype: LACMIP 13128. 

Type locality: LACMIP loc. 25526, 35°54’48”N, 120° 

09'05"W. 

Paratypes: LACMIP 13129 and CAS 69098.02. 

Geologic age: Cenomanian. 

Distribution: LOWER CENOMANIAN: Unnamed strata 

near Dayville, Grant County, Oregon (Figure 1, locale 2). 

UPPER CENOMANIAN/LOWER TURONIAN: Pano- 

che Formation at Reef Ridge, Kings County, central Cal- 

ifornia (type locality) (Figure 1, locale 15). CENOMAN- 

IAN UNDIFFERENTIATED: Budden Canyon Forma- 

tion, Bald Hills (upper part), Bald Hills near Ono, Shasta 

County, northern California (Figure 1, locale 4). 

Discussion: This new species is based on 36 specimens: 

28 right valves, six left valves, and two pairs of conjoined 

valves. All but three of the specimens are from the type 

locality, where preservation is good, although some spec- 

imens found there are fragments. Although the specimens 

are slightly larger at LACMIP loc. 9936 in Grant County, 

Oregon, the preservation there is poor. This latter locality 

is discussed by Squires & Saul (2002). 

The new species is similar to Caestocorbula hencke- 

liusiana (Nyst, 1836:4, pl. 1, figs. 8a,b; Vokes, 1994:pl. 

1, figs. 1-3; Vokes, 1945:20-21, pl. 4, figs. 1-4; Keen, 

1969:fig. 158,6), the type species of the genus, but the 

new species differs by having a greater height to length 

ratio and coarser sculpture. 

The right valve of the new species is very similar to 

Caestocorbula? allisoni sp. nov., but the new species dif- 

fers from C. ? allisoni by having a left valve that is nearly 

triangular, less inflated, much smaller than the right valve, 

and with much weaker commarginal ribs. 

Etymology: The species is named for its occurrence in 

the Reef Ridge area; Latin, attina meaning stonewall. 
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Figures 54—62. Specimens coated with ammonium chloride. Figures 54—57. Caestocorbula attina Squires & Saul, sp. nov. Figure 54. 

Paratype LACMIP 13129, LACMIP loc. 25526, left valve, 8. Figure 55. Paratype CAS 69098.02, CAS loc. 69098, left valve, x 10.4. 

Figure 56. Holotype LACMIP 13128, LACMIP loc. 25526, right valve, <6.9. Figure 57. Paratype CAS 69098.02, CAS loc. 69098, 
dorsal view, < 10.4. Figures 58-59. Caestocorbula aura Squires & Saul, sp. nov. Figure 58. CAS paratype 69106.05, CAS loc. 69106, 

left valve, <7. Figure 59. CAS holotype 69106.01, CAS loc. 69106, right valve, <6. Figures 60-62. Caryocorbula? allisoni Squires 

& Saul, sp. nov., holotype UCMP 155541, UCMP loc. A-9521, *5.4. Figure 60. Left valve. Figure 61. Right valve. Figure 62. Dorsal 

view. 

Caestocorbula aura Squires & Saul, sp. nov. 

(Figures 58,59) 

Diagnosis: Small Caestocorbula with both valves trigo- 

nal. Commarginal ribs on left valve weak, and flattish. 

Umbo of right valve smooth; ventrally of umbo, ribs 

weak, rounded, and prominent. 

Description: Shell small (maximum 7 mm in length), 

longer than high. Valves trigonal, moderately inflated, and 

equilateral. Posterior slope of left valve set off by very 

weak barely discernible keel. Left valve rostrate. Right 

valve with moderately long, projected rostrum; longer 

than that on left valve. Posterior slope of right valve 

slightly concave, moderately long, ribbed, and set off by 

low keel. Umbones moderately high and near midline of 

valves; beaks prosogyrate. Left-valve sculpture consisting 

of flattish, weak commarginal ribs overlapping shingle- 

like and moderately widely spaced (approximately 3 ribs/ 

mm). Right valve usually smooth on umbo, with sculp- 

ture beginning near medial part of valve and consisting 

of moderately closely spaced (approximately 4 ribs/mm), 

rounded, weak commarginal ribs with moderately deep 

interspaces. Ribs on right valve becoming stronger and 

more widely spaced ventrally. Left-valve hinge with pos- 

teriorly directed chondrophore with median groove. 

Right-valve hinge with single cardinal tooth, posteriorly 

adjoining pit deep. Pallial line simple, well incised, and 

nearly vertical posteriorly. 

Dimensions of holotype: Right valve, 4.9 mm in height, 

6.6 mm in length. 

Holotype: CAS 69106.05. 

Type locality: CAS loc. 69106, 40°23’40"N, 122°32' 

15"W. 

Paratype: CAS 69106.01. 
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Geologic age: Turonian. 

Distribution: Budden Canyon Formation, lower part of 

Gas Point Member, near Ono, Shasta County, northern 

California (Figure 1, locale 4). 

Discussion: This new species is based on 104 specimens: 

76 right valves and 28 left valves. No conjoined valves 

were found. Specimens are most abundant at the type 

locality. Only a single specimen (right valve) has a pred- 

atory drill hole. 

The new species is most similar to Caestocorbula at- 

tina but differs from C. attina by usually having no ribs 

on the umbo of the right valve, more closely spaced ribs 

on the right valve, better defined ribs on the left valve, 

and a less symmetrical left valve. 

Etymology: The species is named for its occurrence in 

the Gas Point Member; Latin, aura meaning wind (gas). 

Caestocorbula? allisoni Squires & Saul, sp. nov. 

(Figures 60—62) 

Diagnosis: Small Caestocorbula? with both valves bul- 

bous. Commarginal ribs on left valve medium, those on 

right valve weak to medium, becoming slightly stronger 

ventrally. 

Description: Shell small (maximum 7 mm in length), 

higher than long. Valves bulbous, rounded, and strongly 

inflated. Left valve smaller than right valve. Valves ine- 

quilateral, plump centrally and anteriorly; posterior ends 

constricted and, especially right valve, with projected ros- 

trum extending from medial part of valve. Rostrum on 

right valve extending beyond end of rostrum on left 

valve. Posterior slope of right valve smooth, moderately 

steep, and set off by moderately low, straight keel. Um- 

bones moderately high and at midline of valves; beaks 

prosogyrate. Sculpture of left valve consisting of mod- 

erately widely spaced, medium-strength commarginal 

ribs. Sculpture of right valve consisting of weak to me- 

dium-strength commarginal ribs, becoming slightly stron- 

ger ventrally. Right-valve hinge with single, large trian- 

gular cardinal tooth; adjoining pit broad and deep. 

Dimensions of holotype: Conjoined-valved specimen, 

8.1 mm in height, 7 mm in length, 5.1 mm in thickness. 

Holotype: UCMP 155541. 

Type locality: UCMP loc. A-9521, 31°30'N, 116°40'W. 

Geologic age: Late Aptian. 

Distribution: Alisitos Formation, upper member, Punta 

China, northwestern Baja California, Mexico (Figure 1, 

locale 21). 

Discussion: This new species is based on three speci- 

mens: two pairs of conjoined valves and one right valve. 

The left valve of the holotype of the new species is 
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complete, and the posterior end of the right valve, which 

is broken, originally extended beyond (how much is un- 

known) the limit of the left valve. One of the other spec- 

imens borrowed from the UCMP collection had been cut 

in half, parallel to the hinge, thereby revealing the pres- 

ence of the cardinal tooth. 

The new species seems to be assignable to Caestocor- 

bula based on the sharply constricted posterior parts of 

the valves. Unlike Caestocorbula, however, it has equally 

inflated valves with non-discrepant sculpture; hence, the 

new species is tentatively assigned to this genus. Future 

studies might show that C.? allisoni belongs to a new 

genus. 

Caestocorbula? allisoni is most similar to Corbula sp. 

Woods (1908:213, pl. 34, fig. 13) from the Aptian to low- 

er Albian Lower Greensand in England. The new species 

differs by having slightly narrower commarginal ribs on 

the right valve. The left valve of this English species is 

not known. Corbula sp. Woods might belong to Parmi- 

corbula, but information about the left valve must be ob- 

tained before making this assignment. 

The new species is similar to Parmicorbula rupana 

Stephenson (1952:133, pl. 33, figs. 9-12) from the Cen- 

omanian Woodbine Formation of central and northeastern 

Texas. The new species differs from Stephenson’s species 

by having a more rounded shape, especially the left valve, 

and somewhat stronger commarginal ribs. 

Etymology: The species is named for the late E. C. Al- 

lison, in recognition of his paleontological work in Baja 

California. 

Acknowledgments. We appreciate access and loans from the col- 

lections at CAS, California State University (Fullerton), LAC- 

MIP, SDSNH, University of California (Riverside), and UCMP. 

Gene Coan (Palo Alto, California) provided advice concerning 

corbulid systematics. Steffen Kiel (Universitat Hamburg) provid- 

ed information as to the age of the Vaals and Aachen Greensands 

of Germany. Lindsey T. Groves (LACM) obtained vital refer- 

ences and provided loans of Recent specimens. Laurie C. An- 

derson (Louisiana State University) and Franz T. Fiirsich (Institut 

fiir Palaontologie der Universitat Wiirzburg, Germany) provided 

some very useful literature. Eugene V. Coan (Palo Alto, Califor- 

nia) and an anonymous reviewer critiqued the manuscript. 

LITERATURE CITED 

ALBERS, H. J. 1976. Feinstratigraphie, Faziesanalyse und Zyklen 

des Untercampans (Vaalser Griinsands = Hervien) von Aa- 

chen und dem niederlaindisch-belgischen Limburg. Geolo- 

gisches Jahrbuch A 43:3-68. 

ALENCASTER, G. 1963. Pelecipodos del Jurasico Medio del no- 

roeste de Oaxaca y noreste de Guerrero. Universidad Na- 

cional Aut6noma de México, Instituto de Geologia, Paleon- 

tologia Mexicana 15:1—52, pls. 1-8. 

ALLISON, E. C. 1974. The type Alisitos Formation (Cretaceous, 

Aptian-Albian) of Baja California and its bivalve fauna. Pp. 

21-59 in G. Gastil and J. Lillegraven (eds.), Geology of 

Peninsular California. Pacific Section, AAPG, SEPM, and 

SEG, Book 37: Los Angeles, California. 

ANDERSON, L. C. 1992. Naticid gastropod predation on corbulid 



Page 124 

bivalves: effects of physical factors, morphological features, 

and statistical artifacts. Palaios 7:602—620. 

ANDERSON, L. C. 1996. Neogene paleontology in the northern 

Dominican Republic. 16. The family Corbulidae (Mollusca: 

Bivalvia). Bulletins of American Paleontology 351:1—34, 

pls. 1-3. 

ANDERSON, L. C. & P. D. ROOPNARINE. 2003. Evolution and phy- 

logenetic relationships of Neogene Corbulidae (Bivalvia; 

Myoida) of tropical America. Journal of Paleontology 77(6): 

1086-1102, figs. 1-7. 

BLANCKENHORN, M. 1890. Beitrage zur Geologie Syriens: Die 

Entwickelung des Kriedesystems in Mittel-und Nord-Syrien. 

Cassel. i-iv + 135 pp., 11 pls. 

BOLTON, T. E. 1965. Catalogue of Type Invertebrate Fossils of 

the Geological Survey of Canada. Vol. 2. Geological Survey 

of Canada. 344 pp. 

Brown, R. D., Jr. & E. I. Ricw. 1961. Geologic map of the 

Lodoga Quadrangle, Glenn and Colusa counties, California. 

U. S. Geological Survey Map OM-210. 

BRUGUIERE, J. G. 1797. Tableau encyclopédie et méthodique des 

trois regnes de la nature; vers testacées a coquilles bivalves. 

Paris. Vol. 1: pp. 85-132, pls. 96-286. 

CAMPBELL, K. A., C. CARLSON & D. J. Borrser. 1993. Fossil 

cold seep limestones and associated chemosynthetic mac- 

roinvertebrate faunas, Jurassic-Cretaceous Great Valley 

Group, California. Pp. 37-50 in S. A. Graham & D. R. Lowe 

(eds.), Advances in the Sedimentary Geology of the Great 

Valley Group of Northern California. Pacific Section, SEPM, 

Fall Fieldtrip Guidebook: Los Angeles. 

Coan, E. V. 2002. The eastern Pacific Recent species of the Cor- 

bulidae (Bivalvia). Malacologia 44(1):47—105, figs. 1-56. 

Coan, E. V., P. V. Scott & E R. Bernard. 2000. Bivalve Seashells 

of Western North America. Marine Bivalve Mollusks from 

Arctic Alaska to Baja California. Santa Barbara Museum of 

Natural History Monographs Number 2, Studies in Biodi- 

versity Number 2. 764 pp., 124 pls. 

Cox, L. R. 1965. Jurassic Bivalvia and Gastropoda from Tan- 

ganyika and Kenya. Bulletin of the British Museum (Natural 

History) Geology Supplement 1:1—213, pls. 1-30. 

Cox, L. R. & W. J. ARKELL. 1948-1950. A survey of the Mol- 

lusca of the British Great Oolite Series: primarily a nomen- 

clatural revision of the monographs by Morris and Lycett 

(1851-55), Lycett (1863) and Blake (1905-07). Monograph 

of the Palaeontographical Society, 1948, 102(444):i—xiu1, 1— 

48; 1950, 103(449):xiv—xxiv, 49-105. 

DatLey, D. H. & W. P. POPENOE. 1966. Mollusca from the Upper 

Cretaceous Jalama Formation, Santa Barbara County, Cali- 

fornia. University of California Publications in Geological 

Sciences 65:1—27, pls. 1-6. 

DALL, W. H. 1898. Contributions to the Tertiary fauna of Florida, 

with especial reference to the Silex beds of Tampa, and the 

Pliocene beds of the Caloosahatchie River, including in 

many cases a complete revision of the generic groups treated 

of and their American Tertiary species. Part IV. 1. Priono- 

desmacea: Nucula to Julia. 2. Teleodesmacea: Teredo to Er- 

vilia. Transactions of Wagner Free Institute of Science of 

Philadelphia 3(4):571—947, pls. 23-35 [pl. 36, with the cor- 

bulids, published in Dall (1900)]. 

DALL, W. H. 1900. Contributions to the Tertiary fauna of Florida, 

with especial reference to the Si/ex beds of Tampa, and the 

Pliocene beds of the Caloosahatchie River, including in 

many cases a complete revision of the generic groups treated 

of and their American Tertiary species. Part V. Teleodes- 

macea: Solen to Diplodonta. Transactions of Wagner Free 

The Veliger, Vol. 47, No. 2 

Institute of Science of Philadelphia 3(5):949-1218, pls. 36— 

47. 

Davies, A. M. 1971. Tertiary Faunas. A Text-book for Oilfield 

Palaeontologists and Students of Geology. Vol. 1. The Com- 

position of Tertiary Faunas. 2nd., revised and updated by E 

E. Eames. George Allen & Unwin: London. 571 pp., 1030 

figs. 

DE Cauwer, G. 1985. Gastropod predation on corbulid bi- 

valves—palaeoecology or taphonomy. Annales Société Roy- 

al de Zoologie de Belgique 115(2):183—-196. 

D’ORBIGNY, A. 1847. Voyage au Polé Sud et dans 1’Océanic sur 

les corvettes I’ Astrolabe et la Zélee. Paléontologie. Atlas, 6 

pls. Paris. 

Durr, K. L. 1978. Bivalvia from the English Lower Oxford Clay 

(Middle Jurassic). Palaeontolographical Society Mono- 

graphs: London. 137 pp., 13 pls. 

ELperR, W. P., L. R. SAUL & C. L. POWELL, II. 1998. Late Cre- 

taceous and Paleogene molluscan fossils of the Gualala 

block and their paleogeographic implications. Pp. 149-168, 

pl. 1 in W. P. Elder (ed.), Geology and Tectonics of the 

Gualala Block, Northern California. Pacific Section SEPM, 

Book 84: Los Angeles, California. 

FREBOLD, H. 1964. Illustrations of Canadian fossils. Jurassic of 

western and arctic Canada. Geological Survey of Canada 

Paper 63—4:1—107, pls. 1-51. 

Fursicu, FE T. 1981. Jurassicorbula n. g., a new bivalve genus 

from the Upper Jurassic of Portugal. Neues Jahrbuch fiir 

Geologie und Palaontologie, Monatschefte 12:737—741, figs. 

1-2. 

Fursicu, FE T., M. HEINZE & A. K. JAITLy. 2000. Contributions 

to the Jurassic of Kachchh, western India. VIII. The bivalve 

fauna. Part IV. Subclass Heterodonta. Beringeria 27:63—146, 

pls. 1-18. 

Gass, W. M. 1864. Description of the Cretaceous fossils. Cali- 

fornia Geological Survey, Palaeontology 1:57—243 [1864], 

pls. 9-32 [1865]. 

GARDNER, J. A. 1926. The nomenclature of the superspecific 

groups of Corbula in the lower Miocene of Florida. The 

Nautilus 40:41—47. 

GRADSTEIN, E M., EF P. AGTERBERG, J. G. OGG, J. HARDENBOL, P. 

VAN VEEN, J. THIERRY & Z. HUANG. 1994. A Mesozoic time 

scale. Journal of Geophysical Research, Series B, 99: 

24,05 1—24,074. 

GRANT, U. S., IV & H. R. GALE. 1931. Catalogue of the marine 

Pliocene and Pleistocene Mollusca of California and adja- 

cent regions. Memoirs of the San Diego Society of Natural 

History 1:1—1036, pls. 1-32. 

Harper, E. M., G. T. W. FORSYTHE & T. PALMER. 1998. Taphon- 

omy and the Mesozoic marine revolution: preservation state 

masks the importance of boring predators. Palaios 13:352— 

360. 

Harper, E. M., T. J. PALMER & J. D. HupDson. 2002. The Middle 

Jurassic bivalve ‘Cuspidaria’ ibbetsoni: a corbulid not a sep- 

tibranch. Palaeontology 45(4):759-769, figs. 1-3. 

HasgE, A. 1960. The Late Mesozoic formations and their mollus- 

can fossils in west Chugoku and north Kyushu, Japan. Jour- 

nal of Science of Hiroshima University, Series C, 3(2):283-— 

338, pls. 35-39. 

HAyYAMI, I. 1975. A systematic survey of the Mesozoic Bivalvia 

from Japan. The University Museum, The University of To- 

kyo Bulletin 10:1—228, pls. 1-10. 

HOLZAPFEL, E. 1889. Die Mollusken der Aachener Kreide. Pa- 

leontographica 35:139—268, pls. 8-29. 

HowELL, D. G., J. G. VEDDER, H. MCLEAN, J. M. Joyce, S. H. 



R. L. Squires & L. R. Saul, 2004 Page 125 

CLARKE, Jr. & G. SmitH. 1977. Review of Cretaceous geol- 

ogy, Salinian and Nacimiento blocks, Coast Ranges of cen- 

tral California. Pp. 1-46 in D. G. Howell, J. G. Vedder and 

K. McDougall (eds.), Cretaceous Geology of the California 

Coast Ranges, West of the San Andreas Fault. SEPM, Pacific 

Section, Pacific Coast Paleogeography Field Guide 2: Los 

Angeles, California. 

IMLAY, R. W. 1945. Occurrence of Middle Jurassic rocks in west- 

ern interior of United States. Bulletin of the American As- 

sociation of Petroleum Geologists 29:1019—1027. 

IMLAY, R. W. 1967. Twin Creek Limestone (Jurassic) in the West- 

ern Interior of the United States. U. S. Geological Survey 

Professional Paper 540:1—105, pls. 1-16. 

IREDALE, T. 1930. More notes on the marine Mollusca of New 

South Wales. Records of the Australian Museum 17(9):384— 

407, pls. 62-65. 

KANJILIAL, S. 1997. Corbula (Corbula) haboensis n. sp. (Bival- 

via) from the Callovian (Middle Callovian) sediments of the 

Habo Hills, Kachch, western India: its functional morphol- 

ogy and inferred habit and habitat. Indian Journal of Geol- 

ogy 69:294—299. 

Kase, T. & M. IsHIkKAWA. 2003. Mystery of naticid predation 

history solved: evidence from a “‘living fossil”” species. Ge- 

ology 31(5):403—406, figs. 1—4. 

KarTNIcK, D. C. & P. S. Mustarpb. 2001. Geology of Denman 

and Hornby islands, British Columbia. British Columbia 

Geological Survey Branch, Geoscience Map 2001-3 (Scale 

1:50,000). 

Keen, A. M. 1969. Family Corbulidae Lamarck, 1818. Pp. 

N692-N698, figs. E154—158 in R. C. Moore (ed.), Treatise 

on Invertebrate Paleontology. Part N. Vol. 2 (of 3), Mollusca 

6, Bivalvia. The Geological Society of America and the Uni- 

versity of Kansas: Lawrence, Kansas. 

KeLLey, P. H. & T. A. HANSEN. 1993. Evolution of the naticid 

gastropod predator-prey system: an evaluation of the hy- 

pothesis of escalation. Palaios 8:358—375. 

Kozal, T. 1987. Cretaceous Caestocorbula (Bivalvia) from Japan. 

Transactions and Proceedings of the Palaeontological Soci- 

ety of Japan, New Series, 148:326—334, figs. 1—4. 

Lamarck, J. B. P. 1801. Systeme des animaux sans vertebres, ou 

tableau général des classes, des ordres et des genres de ces 

animaux. Paris. 612 pp. 

LAMARCK,, J. B. P. 1818. Histoire Naturelle des Animaux sans 

Vertébres. Tome 5. Perdiree & chez |’auteur: Paris 612 pp. 

Lea, I. 1833. Contributions to Geology. Carey, Lea & Blanchard: 

Philadelphia. vi + 227 pp., 6 pls. 

Lewy, Z. & C. SAMTLEBEN. 1979. Functional morphology and 

palaeontological significance of the conchiolin layers in cor- 

bulid pelecypods. Lethaia 12:341—351, figs. 1—5. 

LINNAEUS, C. 1758. Systema Naturae per Regna Tria Naturae, 

Editio decima, reformata, Tome 1. Regnum Animale. Lau- 

rentii Salvii: Stockholm. 824 pp. 

LycetT, J. 1863. Supplementary monograph on the Mollusca 

from the Stonesfield Slate, Great Oolite, Forest Marble, and 

Cornbrash. Palaeontographical Society Monographs. Lon- 

don. 129 pp., pls. 31—45. 

McLearn, FH. 1924. New pelecypods from the Fernie Forma- 

tion of the Alberta Jurassic. Royal Society of Canada Pro- 

ceedings and Transactions, Series 3, 18(section 4):39-61, 

pls. 1-9. 

MCLEaRN, FE H. 1949. Jurassic formations of Maude Island and 

Alliford Bay, Skidegate Inlet, Queen Charlotte Islands, Brit- 

ish Columbia. Canada Geological Survey Bulletin 12:1—19. 

MarincovicH, L., JR. 1993. Danian mollusks from the Prince 

Creek Formation, northern Alaska, and implications for Ar- 

tic Ocean paleogeography. Journal of Paleontology, The Pa- 

leontological Society Memoir 35:1—35, figs. 1-16. 

Matsumoto, T. 1954. Family Puzosiidae from Hokkaido and 

Saghalien. Memoirs of the Faculty of Science, Kyushu Uni- 

versity, Series D, 5(2):69—118, pls. 9-23. 

Matsumoto, T. 1959. Upper Cretaceous ammonites of Califor- 

nia. Part 2. Memoirs of the Faculty of Science, Kyushu Uni- 

versity, Series D, Geology, Special Volume 1:1—172, pls. 1— 

41. 

MIKKELSEN, P. A. & R. BIELER. 2001. Varicorbula (Bivalvia: Cor- 

bulidae) of the western Atlantic: taxonomy, anatomy, life 

habits, and distribution. The Veliger 44(3):271—293, figs. 1— 

Dif 

Morris, J. & J. Lycetr. 1854. A monograph of the Mollusca 

from the Great Oolite, chiefly from Minchinhampton and the 

coast of Yorkshire. Part 3, Bivalves. Monograph of the Pa- 

laeontological Society, London, 8(28):81—147 pp., 15 pls. 

MULLER, J. 1847. Monographie der Petrefacten der Aachener 

Kreideformation. I-VI. Bonn. 100 pp., 11 pls. 

Murpuy, M. A. & P. U. Roppa. 1960. Mollusca of the Creta- 

ceous Bald Hills Formation of California. Journal of Pale- 

ontology 34:835—858, pls. 101—107. 

Murpny, M. A., P. U. Roppa & D. M. Morton. 1969. Geology 

of the Ono Quadrangle, Shasta and Tehama counties, Cali- 

fornia. California Division of Mines and Geology Bulletin 

192:1—28. 

Nyst, P. H. 1836. Recherches sur les coquilles fossiles de Hous- 

selt et de Kleyn-Spauwen (Province du Limbourg). Gant. 40 

pp.. 4 pls. 

Otsson, A. A. 1932. Contributions to the Tertiary paleontology 

of northern Peru: Part 5, the Peruvian Miocene. Bulletins of 

American Paleontology 19(68):1—272, pls. 1-24. 

Oxsson, A. A. 1944. Contributions to the paleontology of north- 

ern Peru. Part. VU. The Cretaceous of the Paita region. Bul- 

letins of American Paleontology 28(111):163—305, pls. 8— 

24. 

Oxtsson, A. A. 1961. Mollusks of the Tropical Eastern Pacific, 

Particularly from the Southern Half of the Panamic-Pacific 

Faunal Province (Panama to Peru). Panamic-Pacific Pele- 

cypoda. Paleontological Research Institution: Ithaca, New 

York. 754 pp., 86 pls. 

Ora, Y. 1964. On some Cretaceous corbiculids from Japan. 

Memoirs of the Faculty of Science, Kyushu University, Se- 

ries D, 15(1):149-161, pls. 20-21. 

PoPENOE, W. P., L. R. SAUL & T. Susukt. 1987. Gyrodiform gas- 

tropods from the Pacific coast Cretaceous and Paleocene. 

Journal of Paleontology 61(1):70—100, figs. 1—7. 

SAUL, L. R. 1998. Eight aporrhaid gastropod species from the 

Cretaceous of the Pacific slope of North America and clar- 

ification of the type species of Perissoptera. The Nautilus 

111:119-142, figs. 1-67. 

SHARPE, D. 1850. On the Secondary District of Portugal, which 

lies on the North of the Tagus. Quarterly Journal of the Geo- 

logical Society of London 6:135—201, pls. 14—26. 

SinGH, C. S. RP & J. N. RAL 1980. Bathonian-Callovian fauna of 

western Bela Island (Kutch). Part I. Bivalve families Car- 

diidae, Neomiodontidae, Corbulidae. Journal of the Palaeon- 

tological Society of India 23—24:71—80. 

SoHL, N. E 1969. The fossil record of shell boring by snails. 

American Zoologist 9:725—734. 

Sowerby, G. B., I. 1833-1834. Characters of new species of 

Mollusca and Conchifera, collected by Hugh Cuming. Pro- 



Page 126 

ceedings of the Zoological Society of London for 1833:var- 

iously paged. 

SOWERBY, J. de C. 1836. Observations on some of the strata 

between the Chalk and the Oxford Oolite in the south-east 

of England. Transactions of the Geological Society of Lon- 

don, Series 2, 4:335—342, 353-361. 

Sguires, R. L. 1987. Eocene molluscan paleontology of the Whi- 

taker Peak area, Los Angeles and Ventura counties, Califor- 

nia. Contributions in Science of the Natural History Museum 

of Los Angeles County 388:1—93, figs. 1-135. 

Sgurres, R. L. & L. R. SAUL. 2001. New Late Cretaceous gas- 

tropods from the Pacific slope of North America. Journal of 

Paleontology 75(1):46—S55, figs. 1-6. 

Squires, R. L. & L. R. SAUL. 2002. New early Late Cretaceous 

(Cenomanian) mollusks from Oregon. Journal of Paleontol- 

ogy 76(1):43-51, figs. 1-2. 

Squires, R. L. & L. R. SAUL. 2003a. New Late Cretaceous epi- 

toniid and zygopleurid gastropods from the Pacific slope of 

North America. The Veliger, 72 figs. 

Squires, R. L. & L. R. SAUL. 2003b. New Late Cretaceous (Cam- 

panian and Maastrichtian) marine gastropods from Califor- 

nia. Journal of Paleontology 77(1):50—63, figs. 1—4. 

Squires, R. L. & L. R. SAUL. 2003c. Additions to Late Creta- 

ceous shallow-marine gastropods from California. The Ve- 

liger 46(2):145—-161, figs. 1-43. 

Squires, R. L. & L. R. SAuL. 2004. The pseudomelaniid gastro- 

pod Paosia from the marine Cretaceous of the Pacific slope 

of North America. Journal of Paleontology 78(3):484—500, 

figs. 1—5. 

STANTON, T. W. 1895. Contributions to the Cretaceous paleon- 

tology of the Pacific coast: the fauna of the Knoxville beds. 

Bulletin of the United States Geological Survey 133:1—132, 

pls. 1-20. 

STENZEL, H. B., E. K. KRAUSE & J. T. TWINING. 1957. Pelecypoda 

from the type locality of the Stone City Beds (middle Eo- 

cene) of Texas. University of Texas Publication 5074: 1—237, 

pls. 1-22. 

STEPHENSON, L. W. 1952. Larger invertebrate fossils of the Wood- 

bine Formation (Cenomanian) of Texas. U. S. Geological 

Survey Professional Paper 242:1—226, pls. 8-59. 

STEWART, R. B. 1930. Gabb’s California Cretaceous and Tertiary 

type lamellibranchs. The Academy of Natural Sciences Spe- 

cial Publication 3:1—314, pls. 1-17. 

STOLICZKA, F 1870-1871. Cretaceous fauna of southern India. 

The Pelecypoda, with a review of all known genera of this 

class, fossils and Recent. Geological Survey of India, Pa- 

laeontologica Indica, Series 6, 3:1—535, pls. 1—SO. 

Tasuiro, M. 1992. Mlustrated Book of Fossils, Bivalve Fossils 

in Mesozoic (Cretaceous) Period in Japan. Shirono Printing 

Company: Kumamoto, Kyushu. 307 pp., 78 pls. [in Japa- 

nese | 

TAsHIRO, M. & T. Kozat. 1991. Bivalve fossils from the type 

Monobegawa Group (Part V). Research Reports of Kochi 

University 40:189—204, pls. 1-2. 

TAYLor, J. D., W. J. KENNEDY & A. HALL. 1973. The shell struc- 

ture and mineralogy of the Bivalvia. Hl. Lucinacea-Clava- 

gellacea, Conclusions. Bulletin (Zoology) of British Muse- 

um (Natural History) 22(9):253—294, pls. 1-15. 

TAYLor, J. D., R. J. CLEEVELY & N. J. Morris. 1983. Predatory 

gastropods and their activities in the Blackdown Greensand 

(Albian) of England. Palaeontology 26(3):521—553, figs. 1— 

16. 

THROCKMORTON, C. K. 1988. Depositional environments and 

molluscan biostratigraphy of the Tesla Formation, central 

The Veliger, Vol. 47, No. 2 

California. Pp. 209-223, pl. 1 in M. V. Filewicz and R. L. 

Squires (eds.), Paleogene Stratigraphy, West Coast of North 

America. Pacific Section, SEPM, Book 58: Los Angeles, 
California. 

VEDDER, J. G. 1977. Preliminary list of Late Cretaceous mollusks 

from the Pozo district, San Luis Obispo County, California. 

Pp. 107-109 in D. G. Howell, J. G. Vedder and K. McDou- 

gall (eds.), Cretaceous Geology of the California Coast 

Ranges, West of the San Andreas Fault. SEPM, Pacific Sec- 

tion, Pacific Coast Paleogeography Field Guide 2: Los An- 

geles, California. 

VINCENT, E. 1910. Presence d’une plaque siphonale chez Corbula 

regulbiensis Morr. Annales de la Société Royale Zoologique 

et Malacologique de Belgique 44:140—142, 2 figs. 

VoKEs, H. E. 1944. The validity of the molluscan genus Caes- 

tocorbula Vincent. American Journal of Science 242:614— 

623, pl. 1. 

VoKEs, H. E. 1945. Supraspecific groups of the pelecypod family 

Corbulidae. Bulletin of the American Museum of Natural 

History 86(art. 1):1—32, pls. 1—4. 

WELLER, S. 1907. A report on the Cretaceous paleontology of 

New Jersey. Geological Survey of New Jersey. Vol. 4 of the 

Paleontology Series. 871 pp., 111 pls. 

WHITEAVES, J. EF 1879. On the fossils of the Cretaceous rocks of 

Vancouver and adjacent islands in the Strait of Georgia. 

Geological Survey of Canada, Mesozoic Fossils 1(2):93— 

190, pls. 11-20. 

WHITEAVES, J. F 1884. On the fossils of the Cretaceous rocks of 

Vancouver and adjacent islands in the Strait of Georgia. 

Geological Survey of Canada, Mesozoic Fossils 1(3):191— 

262, pls. 21-32. 

Woops, H. 1908. A Monograph of the Cretaceous Lamellibran- 

chia of England. Vol. 2. Palaeontographical Society Mono- 

graphs. London. 473 pp., 62 pls. 

YIN, J. & E T. Fursicu. 1991. An endemic brackish water faunule 

from the Middle Jurassic of southern Qinghai Province, Chi- 

na. Paléontologische Zeitschrift 65(1—2):105—117, figs. 1—7. 

YIN, J. & FE T. Fursicu. 1992. A new name for the Middle Ju- 

rassic bivalve genus Hudsonella Yin & Fiirsich 1991. Pa- 

laontologische Zeitschrift 66(3—4):435. 

APPENDIX 

LOCALITIES CITED 

Localities are LACMIP, unless otherwise indicated. All 

quadrangle maps listed below are U. S. Geological Sur- 

vey maps. 

CAS 69098. [= LACMIP 23476]. Hard concretionary 

sandstone in first large creek (Coyote Creek) N of 

Crow Creek, section 30, T. 30 N, R. 6 W, Ono Quad- 

rangle (15 minute, 1952), Shasta County, northern Cal- 

ifornia. Budden Canyon Formation, Bald Hills Member 

(upper part). Age: Cenomanian. Collector: P. Rodda, 

August, 1955. 

CAS 69106. [= LACMIP 23950]. Gray mudstone in N 

bank of Roaring River, 610 m N and 732 m W of SE 

corner of section 4, T. 29 N, R. 6 W, Ono Quadrangle 

(15 minute, 1952), Shasta County, northern California. 

Budden Canyon Formation, Gas Point Member (lower 

part). Age: Turonian. Collectors: W. P. Popenoe & W. 

A. Findley, 1933. 
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CAS 69109. [= LACMIP 23768]. Hard pebbly sandstone 

in creek on E side of old Gas Point Road, 472 m S 

and 610 m E of NW corner of section 16, T. 30 N, R. 

6 W, Ono Quadrangle (15 minute, 1952), Shasta Coun- 

ty, northern California. Budden Canyon Formation, 

Bald Hills Member (upper part). Age: Cenomanian. 

Collector: P. Rodda, August, 1956. 

2853. Broken concretion with numerous fossils, just S of 

Arroyo Tiburon (a tributary on W side of Arroyo Santa 

Catarina). Near mouth of and along W side of Arroyo 

Santa Catarina, SE side of Mesa San Carlos, northern 

Baja California, Mexico. Rosario Formation. Age: Late 

Campanian to early Maastrichtian. Collector: M. L. 

Webster, 1966. 

7792. At Carlsbad Research Center north of Palomar Air- 

port, near some claypits south of Letterbox Canyon, 5 

m above base of temporary cut bank, N side of Faraday 

Ave., E of intersection with Rutherford Road, approx- 

imately 1088 m N, 2966 m W of SE corner of San 

Luis Rey Quadrangle (7.5 minute, 1968), San Diego 

County, southern California. Point Loma Formation. 

Age: Late Campanian to early Maastrichtian. Collector: 

J. D. Loch. 

8180. Concretions in shale just above sandstone on S side 

of Silverado Canyon, 121m N and 61 m E of SW cor- 

ner of section 9, T. 5 S, R. 7 W, Santiago Peak Quad- 

rangle (7.5 minute, 1954), Santa Ana Mountains, 

Orange County, southern California. Ladd Formation, 

Baker Canyon Member. Age: Turonian. Collector: B. 

N. Moore, 1928. 

9936. Fossiliferous brown sandstone about 4.5 km (2.8 

mi.) S of U. S. Highway 26, along W side of Bridge 

Creek, 610 m N and 805 E of SW corner of section 

25, T 13 S, R 27 E, Aldrich Mtn. North Quadrangle 

(7.5 minute, 1972; photorevised 1983), Grant County, 

east-central Oregon. Unnamed strata. Lower Cenoman- 

ian. Collectors: W. P. Popenoe and J. Alderson, June 

12, 1975. [Locality is same as LACMIP locality 

28787]. 

10667. On ridge just above creek bed and near base of 

sandstone, 853 m S and 1,371 m E of NW corner of 

section 33, T. 11 S, R. 10 E, Ortigalita Peak NW Quad- 

rangle (7.5 minute, 1969; photorevised, 1984), Merced 

County, California. Moreno Formation, Tierra Loma 

Member. Age: Late early to early late Maastrichtian. 

Collector: B. C. Adams, August, 1941. 

10764. [= CIT 1466]. Concretion in sandstone near top 

of N slope of hillside about 0.4 km S of Alturas-Redd- 

ing Highway, about 0.2 km W of middle of E line of 

section 35, T. 33 N, R. 3 W, Redding Quadrangle (15 

minute, 1953), Shasta County, northern California. 

Redding Formation, Bella Vista Sandstone Member. 

Age: Turonian. Collector: W. P. Popenoe, March 23, 

1940. 

10769. Small lens in massive sandstone outcropping in 

bed of Dry Creek, about 0.2 km S of line between 

townships 32 and 33N, 1463 m N6°40’W from SE cor- 

ner of section 6, T. 32 N, R. 3 W, Redding Quadrangle 

(15 minute, 1953), Shasta County, northern California. 

Redding Formation, Bella Vista Sandstone Member. 

Age: Turonian. Collectors: W. P. Popenoe & C. Ahl- 

roth, June 23, 1936. 

10787. Near crest of N slope of divide between Basin 

Hollow and Clover Creek, no more than 122 m S of 

section line, near NE corner of NW 1/4 of section 33, 

T. 32 N, R. 2 W, Redding Quadrangle (15 minute, 

1953), Shasta County, northern California. Redding 

Formation, lower part Member V (of Popenoe, 1943). 

Age: Early Santonian. Collectors: W. P. Popenoe & D. 

W. Scharf, August 8, 1931. 

10816. [= CIT 1007]. Hard limy sandstone outcropping 

on lower slope of hills N of Oak Run, approximately 

0.4 km S26°E of NW corner of section 16, T. 32 N, R. 

2 W, Millville Quadrangle (15 minute, 1953), Shasta 

County, northern California. Redding Formation, 

Member IV. Age: Coniacian. Collectors: W. P. Popenoe 

& D. W. Scharf, Aug. 9, 1931. 

10832. [= CIT 1012]. Beds of small gullies in the field 

on both sides of the E-W highway connecting Pentz 

and Chico, about 1.3 km N86°W of Pentz, NW/4, NW/ 

4 of section 25, T. 21 N, R. 3 E (Cherokee Quadrangle, 

7.5 minute, 1949), Butte County, northern California. 

Chico Formation, Pentz Road member (informal). Age: 

Early Campanian. Collectors: W. P. Popenoe & D. W. 

Scharf, August, 15, 1931. 

10882. Just N of Silverado Canyon, 838 m N and 69 m 

E of NW corner of section 8, T. 5 S, R. 7 W, Black 

Star Quadrangle (7.5 minute, 1967), Santa Ana Moun- 

tains, Orange County, southern California. Ladd For- 

mation, Baker Canyon Member. Age: Turonian. Col- 

lector: W. P. Popenoe, May 19, 1934. 

10884. [= CIT 978]. Sandstone about 46 m above top of 

gray basal Cretaceous conglomerate, approximately 2.4 

km SE of dam just above mouth of Harding Canyon, 

NE slope and near crest of bluff overlooking Santiago 

Canyon at about the NE corner of section 33, T. 5 S, 

R. 7 W, Santiago Peak Quadrangle (7.5 minute, 1954), 

Santa Ana Mountains, Orange County, southern Cali- 

fornia. Ladd Formation, Baker Canyon Member. Age: 

Turonian. Collector: W. P. Popenoe, April 14, 1933. 

10889. Conglomerate lens in shale 122 m above creek W 

of fork of Harding and Santiago creeks, Santa Ana 

Mountains, Orange County, southern California. Ladd 

Formation, Baker Canyon Member. Age: Turonian. 

Collector: W. P. Popenoe, August, 1929. 

11965. [= SDSNH 3457]. At Carlsbad Research Center 

north of Palomar Airport, in temporary exposures of 

shale S of Letterbox Canyon, along Faraday Ave., San 

Luis Rey Quadrangle (7.5 minute, 1975 provisional 

edition), San Diego County, southern California. Point 

Loma Formation. Age: Late Campanian to early Maas- 

trichtian. Collector: B. O. Riney, September 8, 1987. 
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22406. Gullies on both sides of highway approximately 

0.8 km due W of Pentz, California. Cherokee Quad- 

rangle (7.5 minute, 1949), Butte County, northern Cal- 

ifornia. Chico Formation, Pentz Road member (infor- 

mal). Age: Early Campanian. Collector: W. P. Popenoe, 

July 18, 1946. 

23774. At waterfall in NNW-trending canyon, E of Toro 

Creek, SE/4 of section 6 and NE/4 of section 7, T. 30 

S, R. 15 E, Pozo Quadrangle (15 minute, circa 1952), 

San Luis Obispo County, central California. Unnamed 

Upper Cretaceous formation. Age: Late Campanian 

and/or early Maastrichtian. Collectors: W. Waisgerber, 

R. W. Imlay & W. P. Popenoe. 

24217. Hard sandstone slabs in bed of Clover Creek, 213 

m N and 366 m W of SE corner of section 22, T. 32 

N, R. 2 W. Member VI of Popenoe (1934). Age: Late 

Santonian. Collectors: W. P. Popenoe & D. H. Dailey, 

August 27, 1959. 

24285. From calcareous slump blocks in shale, S slope 

of hill at about 304 m (1000 ft.) contour, on E side of 

Antelope Creek Valley, NW/4, SW/4 of section 5, T. 

16 N, R. 4 W, about 4.5 km due S of Sites, Lodoga 

Quadrangle (15 minute, 1943), Colusa County, north- 

ern California. Cortina formation (informal), Turonian 

Venado Sandstone Member (basal part) containing re- 

worked late Albian fossils. Collector: T. Harding. 

24365. In fine-grained sandstone with ammonite Roman- 

iceras, left bank of French (Swede) Creek, approxi- 

mately 152 m N and W of SE corner of section 5, T. 

32 N, R. 2 W, Millville Quadrangle (15 minute, 1953), 

Shasta County, northern California. Redding Forma- 

tion, Frazier Siltstone Member. Age: Turonian. Collec- 

tor: W. P. Popenoe, August 25, 1957. 

24648. Thin sandstone lentils in siltstone, N side of South 

Cow Creek Valley, approximately 244 m S and 396 m 

E of NW corner of section 12, T. 31 N, R. 2 W, Mill- 

ville Quadrangle (15 minute, 1953). Redding Forma- 

tion, Member VI of Popenoe (1943). Age: Santonian. 

Collector: W. P. Popenoe. 

24666. Small canyon on N side of Deer Creek, 229 m S 

and 686 m W of NE corner of section 27, T. 26 N, R. 

2 E, Butte Meadows Quadrangle (15 minute, 1958), 

Tehama County, northern California. Chico Formation, 

?Ten Mile Member. Age: Santonian. Collector: P. Rod- 

da, July, 1954. 

25526. On ridge with conglomerate beds just E of the 

Big Tar Canyon Road, 887 m N and 518 m W of SE 

corner of section 20, T. 23 S, R. 17 E, Garza Peak 

Quadrangle (7.5-minute, 1953), Reef Ridge area, Kings 

County, central California. Panoche Formation. Age: 

Late Cenomanian to early Turonian clasts in a Cam- 

panian conglomerate. Collector: E. V. Tamesis, early 

1960s. 

26345. Approximately 3.2 km S of Ortigalita Creek, 975 

m N and 1417 m E of SW corner of section 33, T. 11 

S, R. 10 E, Ortigalita Peak NW Quadrangle (7.5 mi- 

nute, 1969, photorevised 1984), Merced County, cen- 

tral California. Moreno Formation, Tierra Loma Mem- 

ber. Age: Late early to early late Maastrichtian. Col- 

lectors: R. B. Stewart & W. P. Popenoe, 1944. 

29230. Sandstone cropping out in gully W of first ridge 

W of road along N-S boundary between section 28 and 

29, T. 31 N, R. 5 W, 305 m N, 229 m W of SE corner 

of the Redding Quadrangle (15 minute, 1946), Texas 

Springs, Shasta County, northern California. Budden 

Canyon Formation, Chickabally Member. Age: Late 

early Albian. Collector: W. P. Popenoe, August 29, 

1960. 

SDSNH 3162-C. Elevation 85 m, in sandy mudstone, in 

a sewer-line trench now covered by Faraday Avenue, 

at Carlsbad Research Center, S of Letterbox Canyon 

and N of Palomar Airport, San Luis Rey Quadrangle 

(7.5 minute, 1968, photorevised 1975), Carlsbad area, 

northern San Diego County, southern California. Point 

Loma Formation. Age: Late Campanian to early Maas- 

trichtian. Collectors: B. O. Riney & T. A. Demere, 

March | to May 16, 1982. 

SDSNH 3387. Elevation 53 m, in silty shale, in a tem- 

porary exposure along W side of College Boulevard, 

extending from El Camino Real S for 457 m, NW of 

Palomar Airport, San Luis Rey Quadrangle (7.5 mi- 

nute, 1968, photorevised 1975), San Diego County, 

southern California. Point Loma Formation. Age: Late 

Campanian to early Maastrichtian. Collectors: M. A. 

Roeder & R. Q. Gutzler, December 1, 1986. 

UCMP A-6273. South side of Rio de Santo Tomas, just 

N of Punta China, northwestern Baja California, Mex- 

ico. Alisitos Formation, upper member. Age: Late Ap- 

tian. Collectors: Kirk & McIntyre, 1951. 

UCMP A-9521. Punta China, northwestern Baja Califor- 

nia, Mexico. Alisitos Formation, upper member. Age: 

Late Aptian. Collector: E. C. Allison. 

UCMP B-5611. From top of argillaceous unit immediate- 

ly below caprinid-rudist-bearing limestone, Arroyo de 

la Cueva, 8.25 km SE of Punta China, northwestern 

Baja California, Mexico. Alisitos Formation, upper 

member. Age: Late Aptian. Collector: E. C. Allison, 

June, 1951. 

UCMP D-8149. Fine-grained sandstone in roadcut on W 

side of dirt road on W band of a N-sloping ravine, NE/ 

4 of section 32, T. 3 S, R. 4 E, Midway Quadrangle 

(7.5 minute, 1953), Corral Hollow area, Alameda 

County, north-central California. Tesla Formation, near 

base of Jower sandstone member. Age: Early Maas- 

trichtian. Collector: C. K. Throckmorton, 1981. 

UCMP D-8174. Gray silty mudstone, on E bank of 

Mitchell Ravine, NW 1/4 of section 31, T. 3 S, R. 4 E, 

Midway Quadrangle (7.5 minute, 1953), Corral Hollow 

area, Alameda County, north-central California. Tesla 

Formation, near base of lower sandstone member. Age: 

Early Maastrichtian. Collector: C. K. Throckmorton, 

1980. 
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USGS M-175. Calcareous fine- to medium-grained sand- 

stone, 61 m E of the SW corner of section 33, T. 18 

N, R. 4 W, 2012 m S of point “1009 ft’? on Logan 

Ridge, Lodoga Quadrangle (15 minute, 1943), Colusa 

County, northern California. Upper part of Antelope 

Shale, stratigraphic unit 7c of Brown and Rich (1961) 

and approximately 23 to 30 m below base of Venado 

Sandstone Member of Cortina formation (informal). 

Cenomanian. Collectors: R. D. Brown, Jr. & E. I. Rich, 

1958. 

USGS M-176. Pebbly deformed mudstone, on Logan 

Ridge, 640 m N of NW corner of section 33, T. 18 N, 

R. 4 W, on west line of section 33, 1341 m southeast 

of point “1009 ft’? on Logan Ridge, Lodoga Quadran- 

gle (15 minute, 1943), Colusa County, northern Cali- 

fornia. Upper part of Antelope Shale, stratigraphic unit 

7c of Brown and Rich (1961) and approximately 12 m 

below base of Venado Sandstone Member of Cortina 

formation (informal). Cenomanian. Collectors: R. D. 

Brown, Jr. & E. I. Rich, 1958. 

USGS M-177. Concretionary silty sandstone bed (ap- 

proximately | m thick), 366 m N, 61 m E of SW corner 

of section 33, T. 18 N, R. 4 W, 1920 m S-SE of point 

“1009 ft’? on Logan Ridge, Lodoga Quadrangle (15 

minute, 1943), Colusa County, northern California. 

Upper part of Antelope Shale, stratigraphic unit 7c of 

Brown & Rich (1961) and approximately 23 to 30 m 

below base of Venado Sandstone Member of Cortina 

formation (informal). Cenomanian. Collectors: R. D. 

Brown, Jr., & E. I. Rich, 1958. 

USGS M-178. Calcareous pebble conglomerate with 

abundant broken shell material, 146 m E, 594 m S of 

NW corner of section 32, T. 19 N, R. 4 W, Lodoga 

Quadrangle (15 minute, 1943), Colusa County, north- 

ern California. Upper part of Antelope Shale, approx- 

imately 905 m below base of Venado Sandstone Mem- 

ber of Cortina formation (informal). Cenomanian. Col- 

lectors: R. D. Brown, Jr., & E. I. Rich, 1958. 

USGS M-8830. Conglomerate at W end of Fish Rock 

Beach, Anchor Bay, SW/4 of section 18, T. 11 N, R. 

15 W, Gualala Quadrangle (7.5 minute, 1969), Men- 

docino County, northern California. Gualala Forma- 

tion, Anchor Bay Member. Late Campanian to early 

Maastrichtian. Collector: W. P. Elder, 1992. 
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Abstract. Three species of Polyplacophora are found on Easter Island: Plaxiphora mercatoris Leloup, 1936, which 

was the only known species for 50 years, Rapanuia disalvoi gen. & sp. nov., and Weedingia cf. mooreana Kaas, 1988. 

The living specimens of Rapanuia disalvoi were collected in 1984—1985, and several hundred valves in more recent 

years, but no additional live specimens have been found. This species, at first, appears very similar to Tonicia, but the 

absence of pectination on the teeth of the insertion lamina leads us to define the new genus Rapanuia and consequently 

the new subfamily Rapanuiinae. Three valves of a third chiton species, similar to Weedingia mooreana, were also 

discovered. The differences with W. mooreana are discussed. 

INTRODUCTION 

Easter Island is a Chilean possession and lies approxi- 

mately 3500 km west of the coast of Chile (27°09’S, 
109°26’W). Despite its isolation and location in the east- 

ern Pacific, Easter Island is considered the easternmost 

point of the Indo-Pacific faunal realm. Previous investi- 

gations have shown that species which are not endemic 

to the island are similar to species known from other ar- 

eas of the Indo-Pacific region, and not the eastern Pacific. 

This phenomenon has been repeatedly observed by Reh- 

der (1980), DiSalvo et al. (1988), and Raines (2002). 

For 50 years the only known species of Polyplacophora 

on Easter Island was Plaxiphora (Mercatora) mercatoris 

Leloup, 1936. However, in the mid 1980s, Dr. Luis 

DiSalvo discovered another small and elusive species. 

The first report of his discovery was listed as ‘*Tonicia 

sp.” (DiSalvo et al., 1988). Until now, no other records 

of this species have been reported. During two visits to 

the island (1998, 2000), author Raines was successful in 

collecting several hundred valves, although no additional 

live specimens were found. 

To date, Rapanuia disalvoi, gen. & sp. nov., the spe- 

cies described herein, is known from only two locations 

on the island: Hanga Roa and Hanga Nui (Figure 1). Both 

areas are of similar habitat, where inshore flats provide 

protection from large waves. Within the flats are large 

expanses of sand, which are bound within hummocks 

formed by chaetopterid polychaete tubes in water less 

than 2 m deep. R. disalvoi lives within these hummocks. 

Numerous single valves of R. disalvoi have been sorted 

from sand and rubble collected from both the tide pool 

areas and from the base of cliffs at depths ranging from 

10 to 20 m off Hanga Roa. These valves along with the 

specimens collected by DiSalvo have provided enough 

evidence to support our findings. In addition to R. dis- 

alvoi, another chiton species was also discovered in the 

tide pool areas near Hanga Nui. Three valves were found, 

which appear quite similar to those of Weedingia moo- 

reana Kaas, 1988, from the Society Islands. 

Abbreviations: ANSP = Academy of Natural Sciences, 

Philadelphia; BDA = Private collection of B. Dell’ 

Angelo, Prato (Italy); BR = Private collection of B. Rai- 

nes, Victorville (USA); LACM = Natural History Mu- 

seum of Los Angeles County; MNHN = Museum Na- 

tional d’ Histoire naturelle, Paris; MZB = Museo di Zool- 

ogia dell’ Universita’ di Bologna; ZISP = Zoological In- 

stitute of Russian Academy of Sciences, St. Petersburg; 

ZSM = Zoological State Collection Munich. 

TAXONOMY 

Class Polyplacophora Gray, 1821 

Order Neoloricata Bergenhayn, 1955 

Suborder Lepidopleurina Thiele, 1910 

Family HANLEYIDAE Bergenhayn, 1955 

Genus Weedingia Kaas, 1988 

Weedingia cf. mooreana Kaas, 1988 

(Figure 2) 

cf. Weedingia mooreana Kaas, 1988:143, figs. 18-29. 

cf. Weedingia mooreana Kaas & Van Belle, 1990:20, fig. 7. 

Material examined: Hanga Nui: 3 valves, 1 anterior 

(width 1.2 mm), | intermediate (width 1.3 mm), and 1 

posterior (width 1.4 mm) (leg. B. Raines 1998-2000). 

Description: Color of valves rose-red with small white 

markings. Head valve semicircular, with well pronounced 

apex. Tegmentum covered with large polygonal granules 

arranged in radial striae, some of them bifurcating, 24 



B. Dell’ Angelo et al., 2004 

2Z2> 
na 

Hanga Nui ___. 

2km 

Figure |. Map of Easter Island showing localities cited in text. 

counted on front margin. Intermediate valve rectangular, 

front margin with wide concave jugal part, antero-lateral 

parts obliquely truncated; posterior margin substantially 

straight at both sides of the strongly protruding apex, ju- 

gal area broadly triangular, smooth, not differentiated 

from the latero-pleural parts, which are sculptured with 

same polygonal granules as head valve, arranged in nine 

rows (for each area) radiating from apex. Tail valve more 

than semi-elliptical, front margin slightly concave in wide 

jugal part, hind margin evenly rounded, mucro at about 

3/5 of length of valve, prominent, posterior slope straight, 

except for small excavation directly behind mucro. An- 

temucronal area sculptured like intermediate valve, with 

large smooth triangular jugal area, postmucronal area 

sculptured with same large polygonal granules. Granules 

of the tegmentum of irregularly polygonal shape, “‘di- 

ameter” of about 46 to 52 ym, well separated but some- 

times coalescing. Granules typically showing four to six 

aesthetes of equal size; when only four, normally dis- 

posed at the corners like a square. Articulamentum whit- 

ish, with rose-colored tegmentum shining through, apoph- 

yses wide apart, triangular, regularly merging into mod- 

erately long, smooth-edged, unslit insertion plates. 

Discussion: The genus Weedingia was established by 

Kaas (1988) to describe two small species from Polynesia 

(Tuamotu and Society Islands) and is characterized by a 

finely pustulose tegmentum which is not clearly divided 

into central, lateral, or jugal areas, and well developed 

unslit insertion plates on all valves, a more or less spi- 

nulose girdle, and merobranchial, adanal (with interspace) 

gills. The finding of these valves is particularly important 

because the species of Weedingia are poorly known. The 

available material is also very scarce and the species are 

localized only in Polynesian Islands. According to Kaas 

& Van Belle (1990), the genus includes three species, 

which are known only from the type material: W. exigua 

(Sowerby in Broderip & Sowerby, 1832) from the Gam- 

bier Island, W. alborosea Kaas, 1988, from Tuamotu, and 

W. mooreana Kaas, 1988, from Moorea (Society Islands). 
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The three valves found at Hanga Nui at first appear 

quite similar to W. mooreana, which is known to live on 

dead Acropora from the Tiahura Barrier Reef, Moorea. 

The main differences are regarding the apex, which is 

“small but distinct’ in mooreana, but very pronounced 

in our valves; the granules are smaller and have a more 

rounded polygonal shape (diameter of about 35—41 pm) 

in mooreana, whereas our valves are larger and more 

irregular (diameter of about 46-52 pm); the number of 

radial striae of granules are greater in mooreana (43 in 

head valve, 15 in pleural areas) than in our valves (24 in 

head valve, nine in pleural areas); in addition, our valves 

have a wider jugal sinus and jugal area, the antemucronal 

area is longer than the postmucronal area, and with a 

quite different outline of the tail valve. 

We illustrate for comparison the holotype of W. moo- 

reana at MNHN (Figure 3). The quality of SEM photos 

is hardly sufficient, as the photos were performed without 

coating the material. Strangely, there is no trace of aes- 

thetes on the granules of the tegmentum, but we think 

that this could have been caused by some previous treat- 

ment of the holotype. The differences indicated seem suf- 

ficient to define a new species, but we prefer the attri- 

bution to W. mooreana because of the scantiness of the 

material at our disposal. 

Suborder Ischnochitonina Bergenhayn, 1930 

Family ISCHNOCHITONIDAE Dall, 1899 

Subfamily Rapanuiinae Dell’ Angelo, Raines & 

Bonfitto, subfam. nov. 

Diagnosis: Ischnochitonidae of small size, oval, tegmen- 

tal sculpture almost smooth to roughish, with some scars 

on the pleural areas, insertion plates not pectinated, slit 

formula many/1/many, apophyses neatly separated, extra 

pigmentary eyes present, girdle with dorsal imbricate 

scales and ventral spicules, radula with a tricuspid major 

lateral teeth. 

Occurrence: Known only from Easter Island. 

Discussion: The species found at Hanga Nui and Hanga 

Roa has the following main characters useful for the su- 

praspecific assignment: 

@ insertion plates not pectinated, slit formula 8-9/1/8- 

11; 

® extra pigmentary eyes (ocelli) present; 

@ girdle with dorsal imbricate scales and _ ventral 

spicules. 

The first character (insertion plates not pectinated) allows 

us to assign the species to the family Ischnochitonidae. 

The Suborder Ischnochitonina is divided into four fami- 

lies (Kaas & Van Belle, 1985), one of which (Chitonidae) 

is characterized by “insertion plates pectinated,” and the 

three others (Ischnochitonidae, Mopaliidae, and Schizo- 
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Figure 3. Weedingia mooreana, holotype MNHN. a. Head valve, scale bar = 100 wm. b. Microsculpture of head valve, scale bar = 

50 wm. ¢. Intermediate valve, scale bar = 100 pm. d. Tail valve, scale bar = 100 pm. e. Microsculpture of tail valve, scale bar = 50 

uum. f. Tail valve, lateral view, scale bar = 100 pm. 

Figure 2. Weedingia cf. mooreana. a. Head valve, scale bar = 100 um. b. Microsculpture of head valve, scale 

bar = 50 pm. c. Intermediate valve, scale bar = 100 wm. d. Intermediate valve, lateral view, scale bar = 100 wm. 

e. Tail valve, scale bar = 100 wm. f. Tail valve, lateral view, scale bar = 100 pm. g. Microsculpture of tail valve, 

scale bar = 50 pm. 
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Figure 4. Rapanuia disalvoi Dell Angelo, Raines & Bonfitto, gen. & sp. nov. a. Holotype MZB 40669, scale bar = 1 mm. b-g. 

Paratypes MZB 40672. b. Head valve, scale bar = 500 wm. ec. Microsculpture of head valve, scale bar = 500 wm. d. Head valve, ocelli, 

scale bar = 10 pm. e. Head valve, ventral side, scale bar = 500 pm. f. Head valve, insertion lamina, scale bar = 100 wm. g. Head 

valve, tooth of insertion lamina, scale bar = 50 wm. 

chitonidae) by “‘insertion plates not pectinated.”’ Our spe- 

cies belongs to the family Ischnochitonidae (Kaas & Van 

Belle, 1985:7 “‘The insertion plates of the terminal valves 

are multifissurated, those of the intermediate valves have 

one or more fissures, the teeth are not pectinated’’) on 

the basis of articulamentum characters (lacking of a ter- 

minal sinus in tail valve, but present in Mopaliidae and 

Schizochitonidae). 

The family Ischnochitonidae is divided into six sub- 

families (Kaas & Van Belle, 1985: Ischnochitoninae, 

Schizoplacinae, Chaetopleurinae, Lepidochitoninae, Cal- 

lochitoninae, and Callistoplacinae), of which only one 

(Callochitoninae) is characterized by the presence of ocel- 

li. Callochitoninae are nevertheless also characterized by 

other important characters (such as the apophyses is el- 

ther connected or continuous across a shallow jugal sinus, 

the girdle is covered with small, imbricating, inwardly 

directed spicules, and a different tegmentum sculpture) 

which are not present in our species. It is consequently 

necessary, In our opinion, to define a new subfamily and 

a new genus to correctly assign our species to a supra- 

specific taxon. 

Genus Rapanuia Dell’ Angelo, Raines & Bonfitto, 

gen. nov. 

Type species: Rapanuia disalvoi, sp. nov. 

Diagnosis. As for subfamily 
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Figure 5. Rapanuia disalvoi Dell’ Angelo, Raines & Bonfitto, gen. & sp. nov. paratypes MZB40672. a. Intermediate valve, scale bar 

= 500 pm. b. Intermediate valve, ventral side scale bar = 500 ym. ec. Intermediate valve, right side, scale bar = 100 pm. d. Tail valve, 

ventral side, scale bar = 500 pm. e. Tail valve, lateral view, scale bar = 500 pm. f. Tail valve, scale bar = 500 pm. 

Etymology: From Rapa Nui, the local Polynesian name 

for Easter Island. 

Occurrence: Known only from Easter Island. 

Rapanuia disalvoi Dell’ Angelo, Raines & 

Bonfitto, sp. nov. 

(Figures 4—6) 

Tonicia sp.; DiSalvo et al., 1988:459. 

Material examined: Hanga Nui: 4 specimens in alcohol, 

slightly curled, the larger 5.3 X 2.8 mm (1 specimen dis- 

articulated for SEM photos, 4.5 < 2.4 mm), 3 specimens 

dry, 4.7 X 2.5 mm, 3.5 X 2.2 mm (disarticulated for SEM 

photos) and 3 X 1.9 mm (curled) (leg. L. DiSalvo 1984— 

85); Hanga Roa: 346 valves, 58 anterior (maximum width 

2 mm), 257 intermediate (maximum width 2.7 mm) and 

31 posterior (maximum width 1.8 mm) (leg. B. Raines 

1998-2000). 

Type material: Holotype: MZB 40669, | dry specimen 

(4.7 X 2.5 mm). Paratypes: MZB, radula (MZB 40670) 

and gridle from alcohol preserved specimen disarticulated 

(MZB 40671), 15 valves (MZB 40672); LACM 2961, 1 

dry specimen (3 X 1.9 mm), | alcohol preserved speci- 

men, radula and girdle from the dry specimen disarticu- 

lated, 15 valves; ANSP, 1 alcohol preserved specimen 

(ANSP A19983), 15 valves (ANSP 410691); MNHN, | 

alcohol preserved specimen, valves from the dry speci- 

men disarticulated, 15 valves; ZSM 20021636, 15 valves; 
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Figure 6. Rapanuia disalvoi Dell’ Angelo, Raines & Bonfitto, gen. & sp. nov. paratypes MZB40670. a. Radula, scale bar = 50 wm. 

b. Radula, accessory plate of the second lateral, scale bar = 10 wm. ec. Radual, central tooth, scale bar = 10 ym. Paratypes MZB 40671. 

d. Girdle, dorsal scales, scale bar = 10 pm. e. Girdle, ventral scales, scale bar = 10 wm. 
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Figure 7. Plaxiphora mercatoris. (MZB 40667) a. Head valve, scale bar = 1 mm. b. Head valve, tooth of insertion lamina, scale bar 

= 100 pm. ec. Intermediate valve, scale bar = 1 mm. d. Microsculpture of intermediate valve, scale bar = 100 pm. e. Tail valve, scale 

bar = 1 mm. f. Aesthetes of tail valve, scale bar = 50 pm. g. Microsculpture of tail valve, scale bar = 100 pm. 
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BDA 4607, 1 alcohol preserved specimen, 15 valves; BR 

1021, 1 alcohol preserved specimen, 15 valves. 

Diagnosis: Animal oval, small, maximum length 5.3 mm, 

normal length 3—4.5 mm, moderately elevated (dorsal el- 

evation 0.4—0.48), profile from regularly round to sub- 

carinate. Color of tegmentum and girdle cream to light 

brown, always with lighter marblings, with darker stains 

on the lateral areas of the valves near the girdle. 

Description: Anterior valve almost semicircular, with 

posterior edge shaped like inverted V. Intermediate valves 

broadly rectangular, subcarinated, front margin slightly 

concave in wide central part, convex at the pleurae, hind 

margin almost straight with apex little pronounced, lateral 

areas hardly raised. Tail valve small, semi-elliptical, hind 

margin slightly convex, mucro at anterior third of valve. 

Tegmentum with succession of small undulations or small 

warty rugosities, giving to whole area a rough appear- 

ance. Only some very short scars present in pleural areas 

along margin of lateral areas. Ocelli rounded, black, 25 

ym diameter, from 10 to 20 randomly disposed in anterior 

plates of medium width (1.2—1.6 mm), more numerous 

(30—40) in larger anterior plates (width 1.8—2 mm), most- 

ly disposed in about 10 radial rows. Four ocelli present 

in lateral areas of intermediate valves, in a single row 

toward apex, and also in posterior valve some ocelli pre- 

sent, less visible than in other valves. Aesthetes very 

dense, not separable in macro- and microaesthetes, of 

similar width, radially disposed in head valve, lateral ar- 

eas of intermediate valves and postmucronal area of tail 

valve, longitudinally in central areas of intermediate 

valves and antemucronal area of tail valve. Articulamen- 

tum white, porcelaneous, apophyses rounded, trapezoidal 

in tail valve, jugal sinus wide. Insertion lamina divided 

into rather large, irregular teeth, not pectinated. Slit for- 

mula 8—9/1/8-11. Girdle densely covered with small 

round-topped rectangular imbricate scales, 22—27 x 17-— 

20 wm, ornamented with six marked ribs that do not reach 

base of scales. Ventrally, girdle covered with small im- 

bricate scales, smooth, round-topped, about 39 X 18 wm. 

Central tooth of radula elongate, with small blade, first 

lateral tooth slender, major lateral with tricuspid cap, den- 

ticles uniform in length. 

Etymology: The species has been named in honor of Luis 

DiSalvo, who first discovered it. 

Occurrence: Known only from the type locality. 

Discussion: The living specimens of Rapanuia disalvoi 

were collected in 1984-1985 by Louis DiSalvo at Hanga 
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Nui in a particular habitat, ‘“‘sand hummocks” (DiSalvo et 

al., 1988: “‘In water | to 2 m deep, great expanses of sand 

were bound by chaetopterid polychaete tubes often form- 

ing hummocks provided spatially complex microhabitats 

where a variety of juvenile invertebrates took refuge. The 

invertebrates included juveniles of the chiton Plaxiphora 

mercatoris ... and juveniles of the chiton Tonicia sp.’’). 

In November 1985, DiSalvo Sent several specimens to Dr. 

Antonio Ferreira, who examined them and concluded that 

they were juveniles of an unidentifiable Tonicia species. 

However, despite all additional efforts by DiSalvo or Rai- 

nes, they have not been able to find any specimens larger 

than 5.3 mm. Even single plates of dead specimens have 

been no larger. Up to now, the only living specimens found 

are those collected by DiSalvo. The maximum width of 

the 346 valves found are 2 mm (head), 2.7 mm (interme- 

diate), and 1.8 mm (tail). The width of the valves of the 

dry specimen disarticulated (4.5 mm length) are, respec- 

tively, 1.8, 2 and 1.6 mm. After examining all of the avail- 

able material, there are no reasons to think that the present 

material is juvenile. Unfortunately, many of the living 

specimens collected by DiSalvo did not preserve well, and 

the valves are unusable. 

R. disalvoi, at first, appears similar to Tonicia, a genus 

belonging to family Chitonidae (and so characterized by 

“insertion plates pectinated”’), especially in the tegmental 

sculpture, the presence of ocelli, and general appearance. 

However, the absence of pectination on the teeth of the 

insertion lamina leads us to define the new genus Rapan- 

uia and the new subfamily Rapanuiinae. We have found 

no evidence in literature on the possible age variation in 

teeth pectination in Tonicia, and the absence of any trace 

of pectination in all the 346 valves examined seems quite 

significant to us. Moreover, other characters in Rapanuia 

are different from Tonicia, 1.e., the girdle formations and 

the radula, with a quadricuspid major lateral typical in 

Tonicia. 

The only paper found in literature showing changes in 

morphology during the early growth stages of a chiton 

species is that by O’Neill (1984) for the New Zealand 

species Onithochiton neglectus de Rochebrune, 1881. The 

genus Onithochiton, along with Tonicia, belongs to the 

subfamily Toniciinae in the family Chitonidae (Van Belle, 

1999), which is also characterized by “insertion plates 

pectinated.”’ By examining a series of O. neglectus spec- 

imens, in the transition phase between “‘juvenile”’ (1—4 

mm) and “‘adult,’’ O’Neill noted that changes had oc- 

curred in the radula, gills, tegmental color, mucro, ocelli, 

and the girdle elements. However, no variation of the pec- 

Figure 8. Plaxiphora mercatoris. (MZB 40673) a. Radula, scale bar = 100 wm. b. Radula, scale bar = 100 pm. 

c. Radula, central tooth, scale bar = 50 ym. d. Girdle, dorsal scales, scale bar = 500 wm. e. Girdle, ventral scales, 

scale bar = 50 wm. f. Girdle, dorsal scales, scale bar = 100 pm. 
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tinate insertion plates was recorded in the juvenile chitons 

described in O’Neill’s paper. 

Family Mopaliidae Dall, 1889 

Subfamily Mopaliinae Dall, 1889 

Genus Plaxiphora Gray, 1847 

Subgenus Mercatora Leloup, 1942 

Plaxiphora (Mercatora) mercatoris Leloup, 1936 

(Figures 7,8) 

Plaxiphora (Poneroplax) mercatoris Leloup, 1936:1, figs. 

1-9. 

Plaxiphora mercatoris; Martin & Poppe, 1989:5, fig. p. 6; 

Osorio Ruiz et al., 2000:41; Slieker, 2000:92, fig. 12. 

Plaxiphora (Mercatora) mercatoris, Leloup, 1942:40, fig. 

18J; Burghardt, 1971:66; Rehder, 1980:16, pl. 4, fig. 1; 

Osorio & Cantuarias, 1989:304; Kaas & Van Belle, 

1994:315, fig. 128. 

Acanthopleura brevispinosa; Lamy, 1936:267 [non Acantho- 

pleura brevispinosa (Sowerby, 1840)]. 

Material examined: Anakena: 4 specimens, 35 xX 21.5 

mm (MZB 40673), 23.3 X 18.6 mm (collected by B. 

Raines and M. Taylor from rocks at low tide, March 

1998), the two others are smaller and strongly curled up 

(coll. B. Dell’ Angelo); 8 valves (1 specimen disarticulat- 

ed); 46 smaller valves, 10 anterior (maximum width 5 

mm), 37 intermediate (maximum width 6.5 mm) and 9 

posterior (maximum width 3.5 mm) (coll. B. Dell’ 

Angelo): 10 smaller valves (MZB 40667). 

Description: The overall description reported by Kaas & 

Van Belle (1990) fits the characters of this species quite 

well. Since the tegmentum is normally severely eroded in 

large specimens, we have illustrated a few smaller valves 

where the sculpture is clearly visible. The granules are 

small, rounded, sometimes coalescing, with a single aes- 

thete in the center (see figure 7f). Referring back to Kaas 

& Van Belle (1990), we find some discrepancies regarding 

the description of the radula, and figure 8 of their docu- 

ment is incorrect. See Figure 8 of this paper, and note 

particularly the shape of the blade of the first lateral tooth. 

Discussion: Plaxiphora mercatoris is endemic to Easter 

Island and Sala y Gomez, and is commonly found in the 

rocky system from mid to low intertidal with densities 

between | and 8 individuals/m? (Osorio Ruiz et al., 2000). 
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Abstract. We examined gonad structure and gamete morphology of Acanthopleura echinata, one of the largest and 

most abundant chitons along the coastline of the eastern South Pacific. Observations of sections of the gonads of adult 

A. echinata revealed that the wall of the testis and ovary is constituted of a muscular-connective tissue layer and that 

this wall is folded toward the lumen, forming numerous tissue plates. In the testis, the germinal epithelium, which forms 

a continuous covering on the plates and on the lateral and ventral walls, gives rise to layers of spermatogonia, then 

spermatocytes, and finally spermatids. In the ovary, the germinal epithelium is found on the lateral and ventral walls of 

the ovary, but not on the tissue plates, and previtellogenic and vitellogenic oocytes are attached to the tissue plates. 

Mature gametes accumulate in the lumen of both the testis and ovary. Numerous simple and externally ciliated blood 

vessels run from the dorsal aorta to the tissue plates and, in addition to supplying blood to the gonad tissues, may aid 

with the expulsion of gametes during spawning. We used light and scanning electronic microscopy to examine gametes 

that were obtained from a spontaneous spawning and by stripping the gonads. Spawned oocytes are in the first meiotic 

prophase and measure 345 ym in diameter. They are filled with green yolk, and are surrounded by a type II chorion, 

with numerous cylindrical projections that expand distally. The spermatozoa are primitive and possess an 8-ym-long 

triangular head, with an anterior filament. 

INTRODUCTION externally or within the female’s mantle cavity (Hyman, 

1967). 

The oocytes of chitons can be classified into three cat- 

egories according to the degree of development: (1) pre- 

vitellogenic oocytes, which are pear-shaped and attached 

to the ovary wall; (2) vitellogenic oocytes that are spher- 

ical and still attached to the ovary wall (at this stage 

dense masses of yolk accumulate in the cytoplasm, and 

the follicle cells surrounding each oocyte increase in vol- 

ume and change in shape); and (3) fully developed (ma- 

ture) oocytes that are filled with green yolk and are sur- 

rounded by a chorion which is made up of numerous 

differently shaped structures. The chorion is thought to 

be produced either by the follicle cells (Anderson, 1969) 

or by oocyte microvilli (Pearse, 1979). According to the 

shape of the chorion, mature oocytes fall into three cat- 

egories (Risbec, 1946): (1) smooth, as observed in Lep- 

idopleurus asellus (Gmelin, 1791), by Christiansen 

(1954); (2) with numerous cupules, lobules, or plates, as 

observed in Mopalia muscosa (Gould, 1846) by Ander- 

** Corresponding author: Telephone: 56 (51) 209809: Fax: 56 son (1969), Tonicella lineata (Wood, 1815) by Buckland- 

(51) 209803; e-mail: cgaymer@ucn.cl; cgaymer@bio.puc.cl Nicks et al. (1988a), Lepidochitona dentiens (Gould, 

Most chitons have separate sexes that cannot be distin- 

guished externally except in a few species where the 

males and females differ in color (Hyman, 1967). Chitons 

have a single gonad located midway under the shell 

valves and which differs in color between males and fe- 

males (Pearse, 1979). The gonad is saclike in structure 

with the inner wall folded toward the lumen, forming nu- 

merous tissue plates. Developing gametes are attached to 

the plates, and the ripe gametes accumulate in the lumen. 

The gametes are spawned through two gonoducts which 

exit into the left and right pallial grooves at the position 

between the sixth and seventh shell valves (Hyman, 1967; 

Selwood, 1968; Pearse, 1979). The spermatozoa are car- 

ried away by the exhalant currents leaving the pallial 

grooves, whereas oocytes are usually laid in masses or 

liberated in gelatinous strings secreted by the oviduct 

(Hyman, 1967; Pearse, 1979). Fertilization takes place 
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1846) by Buckland-Nicks (1993) and Lepidochitona fer- 

naldi Eernisse, 1986, by Buckland-Nicks & Eernisse 

(1993); and (3) with numerous slender projections or 

spines, as observed in Jschnochiton albus (Linnaeus, 

1767) by Lyngnes (1924) and Chiton cumingsii Frembly, 

1827, by Schweikart (1904). When vitellogenesis is com- 

pleted, the follicle cells degenerate and are shed from the 

mature oocyte (Pearse, 1979; Buckland-Nicks & Eernis- 

se, 1993). 

Chitons were originally thought to have primitive sper- 

matozoa with three regions, the head (with an anterior 

filament), mid-piece and flagellum (Hyman, 1967; Pearse, 

1979; Dohmen, 1983; Al-Hajj, 1987; Hodgson et al., 

1988). However, Russell-Pinto et al. (1983, 1984) indi- 

cate that some chitons have modified spermatozoa be- 

cause of the lack of an acrosome, and the great number 

and variable position of mitochondria observed in some 

species. The hypothesis that some chitons have modified 

spermatozoa is not widely accepted (Hodgson et al., 

1988). Numerous studies indicate that the anterior fila- 

ment is just an extension of the nucleus and that it does 

not have an acrosome (Pearse, 1979; Pearse & Woolla- 

cott, 1979; Russell-Pinto et al., 1983; Russell-Pinto et al., 

1984; Hodgson et al., 1988). However, the presence of an 

acrosome may depend on the species as recent studies 

indicate the presence of a granule at the distal end of the 

anterior filament in a number of chiton species. This gran- 

ule is involved in fertilization and is formed by the fusion 

of lysosomic vesicles produced by the Golgi complex 

(Hodgson et al., 1988; Buckland-Nicks et al., 1988a, b, 

1990; Buckland-Nicks & Eernisse, 1993; Pashchenko & 

Drozdoy, 1998). 

In the eastern South Pacific, especially in Chile, chitons 

have been commercially harvested in recent years for hu- 

man consumption of the foot (Osorio, 1989; Sernapesca, 

2000). A better knowledge of their biology is required so 

that adequate strategies can be developed for managing 

this resource and to develop techniques for the culture of 

chitons. The present study examines two aspects of the 

reproductive biology of the dioecious chiton Acantho- 
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pleura echinata, the structure of the gonad and the mor- 

phology of the gametes. A. echinata is abundant in the 

low intertidal and upper subtidal zones in very exposed 

rocky shores in Peru and northern and central Chile (Bou- 

det, 1945; Leloup, 1956; Guiller, 1959; Otaiza & Santel- 

ices, 1985; Otaiza, 1986; Santelices et al., 1986). A. 

echinata is one of the most heavily exploited chitons in 

Chile and Peru because of its large size (~ 10-15 cm in 

length), high abundance, and wide distribution (Boudet, 

1945; Leloup, 1956; Guiller, 1959; Osorio, 1989; Otaiza 

& Santelices, 1985; Otaiza, 1986; Sernapesca, 2000). 

MATERIALS AND METHODS 

We examined the structure of the gonad of Acanthopleura 

echinata from 20 male and female adults collected from 

the rocky intertidal zone at Lagunillas (29°59’S: 

71°22'W), northern Chile, during each of five periods, in 

January, April, July, October, and December 1993. Gam- 

ete morphology was studied from gametes obtained from 

10 adults collected at the same place during each of three 

periods, in December 1993, January 1994, and February 

1994. The latter individuals were maintained with a sup- 

ply of Ulva sp. as food in 40-1 aquaria in a wet laboratory 

at Universidad Catolica del Norte, Chile, so that the gam- 

etes could be obtained. 

To study gonad morphology, the gonad of each chiton 

was removed and transferred to Bouin-Hollande’s fixa- 

tive. Later, the gonad was washed with tap water and 

divided into three portions (anterior, middle and posteri- 

or), and each was processed separately using the standard 

embedding technique as described by Luna (1968). Thirty 

5-j4m microtome sections were cut from each gonad por- 

tion, 20 of which were stained with hematoxalin-eosin 

and 10 with the Mallory trichrome stain (Luna, 1968). 

The sections were observed using light microscopy. 

Gametes were obtained from a single spontaneous 

spawning that occurred in the field in December 1993 (no 

chitons spawned in the laboratory), and also by stripping 

the gonads of the chitons kept in the laboratory. In both 

Figures 1-7. A section of the ovary of Acanthopleura echinata (stained with Mallory) showing previtellogenic 

oocytes, each with large nucleus (n) and nucleolus (nu), the gonad wall (w), muscular-connective tissue (mc), 

follicle cells (fc) and oogonia (og). Figure 2. Section of the testis of Acanthopleura echinata (stained with hema- 

toxylin-eosin) showing the gonad wall (w), muscular-connective tissue (mc), tissue plate (p) and layers of sper- 

matogonia (sg), spermatocytes (sc), spermatids (st) and spermatozoa (s). Figure 3. Section of the ovary of Acan- 

thopleura echinata (stained with hematoxylin-eosin) showing a general view of the gonad wall (w), tissue plates 

(p), and previtellogenic (po) and vitellogenic (vo) oocytes. Figure 4. Section of the testis of Acanthopleura echinata 

(stained with hematoxylin-eosin) showing a general view of the gonad wall (w) and numerous tissue plates (p) with 

blood sinuses (bs). Figure 5. Section of recently spawned ovary of Acanthopleura echinata (stained with hematox- 

ylin-eosin) showing numerous tissue plates with blood sinuses (bs). Figure 6. Section of the ovary of Acanthopleura 

echinata (stained with hematoxylin-eosin) showing a connection between a non-ciliated vessel (top) and a tissue 

plate (bottom), and a blood sinus (bs) between the two layers of columnar cells (cc). Figure 7. Section of ciliated 

(to the left) and non-ciliated vessels (on the right), each internally lined by muscular-connective tissue (mc), within 

the lumen of a gonad of Acanthopleura echinata (stained with hematoxylin-eosin). 
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cases gametes were observed using light microscopy and 

also using scanning electronic microscopy (a JEOL JSM 

T-300 scanning electron microscope). Gametes for the 

electronic microscopy studies were fixed with 2% glutar- 

aldehyde in seawater, subsequently washed in seawater, 

and then dehydrated using a graded series of ethanol. Fi- 

nally, the samples were critical point dried and sputter- 

coated with gold. A sub-sample of spermatozoa was 

stained with 0.025% Acridine Orange and studied using 

fluorescence microscopy. We further studied gamete mor- 

phology from observations of the gametes in the histo- 

logical sections of the gonads. 

RESULTS 

Gonad Structure 

The ovaries of Acanthopleura echinata were dark 

green in color and the testes light brown. The gonad was 

attached by muscular tissue and connective fibers to the 

dorsal wall and dorsal aorta of the chiton. The outer go- 

nad wall was made of layers of smooth muscle cells and 

connective fibers (the muscular-connective tissue layer) 

that stained light blue with Mallory dye (Figures 1, 2). 

In the lateral and ventral portions of the gonad, the wall 

was internally lined by a germinal epithelium composed 

by wall cells, germinal cells, and recently differentiated 

follicle cells and oogonia or spermatogonia (Figures 1, 

2). In the dorso-lateral portion of the gonad, the germinal 

epithelium was interrupted and replaced first by irregular- 

shaped cells and then by an epithelium with cube-shaped 

cells. The cube-shaped cells were ciliated in the dorsal 

portion of the gonad and were continuous with the inter- 

nal epithelium of the gonoducts. 

The numerous tissue plates (or folds), which extended 

from the ventral and ventro-lateral regions of the gonad 

wall toward the lumen (Figures 2, 3, 4), were composed 

of two layers of flattened cells and supported by muscu- 

lar-connective tissue. Gametes in different stages of de- 

velopment were attached to these tissue plates. Between 

the two layers of flattened cells, there were numerous 

blood sinuses that received blood from vessels from the 

dorsal aorta (Figures 5, 6). These sinuses probably sup- 

plied materials to the developing gametes during matu- 

ration (e.g., vitellogenesis). We observed two types of 

blood vessels within the lumen of the gonads: (1) exter- 

nally ciliated vessels (ciliated tubules sensu Selwood 

1968) coming directly from the dorsal aorta, and (2) non- 

ciliated vessels, which were smaller in diameter and de- 

rived from the ciliated vessels (Figure 7). The non-cili- 

ated vessels were connected to the tissue plates and likely 

supplied blood to the blood sinuses (Figure 6). Columnar 

cells made up the outer portion of the ciliated vessels, 

whereas irregular cells made up the outer portion of the 

non-ciliated vessels (Figure 8). Internally, both types of 

vessels were lined by a circular muscle layer and con- 

nective tissue, probably collagen (Figures 7, 8). During 

spawning, the ciliated vessels showed a morphological 

change, as the columnar epithelium became undulated, 

probably due to contraction of the internal muscular layer 

(Figure 9). 

Ovary. The previtellogenic oocytes were pear-shaped, 

attached to the ovary wall and the base of the tissue 

plates, and covered with follicle cells. They measured ~ 

60 jzm in diameter, had a large nucleus with a large nu- 

cleolus, and a cytoplasm that strongly stained with he- 

matoxylin (Figures 1, 3, 10). The vitellogenic oocytes 

measured ~140 ym and were attached to the mid- and 

distal regions of the tissue plates. The cytoplasm of the 

vitellogenic oocytes was strongly stained with eosin and 

was filled with yolk granules (Figures 3, 11). The for- 

mation of the chorion began at the vitellogenic stage. 

First, chorion projections began to form as small struc- 

tures, each associated with a follicle cell (Figure 11). As 

vitellogenic oocytes approached the distal edge of the tis- 

sue plates, they increased in diameter, and the chorion 

projections elongated giving the oocytes a spiny appear- 

ance (Figure 3). A follicle cell was still associated with 

each projection (Figure 12). The mature oocytes were free 

in the ovary lumen and were completely surrounded by 

a chorion with numerous cylindrical projections with ex- 

Figures 8-15. Section of the testis of Acanthopleura echinata (stained with hematoxylin-eosin) showing a con- 

nection between a ciliated vessel (to the left) with detached cilia (c) and a non-ciliated vessel (on the right). Figure 

9. Section of a ciliated vessel within a gonad of Acanthopleura echinata during spawning, showing the undulated 

epithelium (e) and the internal muscular-connective tissue layer (mc) (stained with hematoxylin-eosin). Figure 10. 

Section of a previtellogenic oocyte of Acanthopleura echinata covered with follicle cells (fc) and showing a large 

nucleus (n) (stained with hematoxylin-eosin). Figure 11. Section of an early vitellogenic oocyte of Acanthopleura 

echinata showing the beginning of the formation of the projections of the chorion (cp) and follicle cells (fc) 

associated with the projections (stained with Mallory). Figure 12. Section of a chorion projection in a late vitello- 

genic oocyte of Acanthopleura echinata showing a follicle cell (fc) at the side of the projection (stained with 

hematoxylin-eosin). Figure 13. Section of the ovary of Acanthopleura echinata (stained with hematoxylin-eosin) 

showing mature oocytes (mo), each with a fully developed chorion, free in the lumen. Figure 14. Section of a 

mature oocyte of Acanthopleura echinata (stained with hematoxylin-eosin). Figure 15. Section of a chorion projec- 

tion of a mature oocyte of Acanthopleura echinata (stained with hematoxylin-eosin) showing the expanded distal 

portion of the projection and the follicle cell (fc) at the side of the projection. 



C. F. Gaymer et al., 2004 



Page 146 

Table | 

Acanthopleura echinata. Size of mature oocytes and 

spermatozoa. 

x SD n 

Oocytes Diameter 345.0 5.00 30 

Diameter excluding 

the chorion 225.0 5.00 30 

Spermatozoa Head length 8.0 0.00 60 

Head width 1.8 0.03 60 

Mid piece length MORI 0!0 60 

Mid piece width 1:9. °0:02 60 
Flagellum length 2310) e050 60 

panded distal portions (Figures 13, 14). In some cases 

follicle cells were still observed along the sides or distal 

edges of the projections, but in most cases they had dis- 

appeared (Figure 15). 

Toward the distal edge of the tissue plates, the flattened 

cells increased in height and became columnar, with the 

cytoplasm filled with granules (Figure 6). In the region 

where the oviducts left the ovary, the ciliated cubic cells 

lining the dorsal wall of the gonad elongated to form a 

ciliated-columnar epithelium in the first portion of the 

oviducts (Figure 16). The columnar cells elongated pro- 

gressively, but after a short distance abruptly changed to 

a glandular, pseudostratified epithelium with extremely 

high ciliated sac-shaped cells (Figure 16). The cytoplasm 

of the glandular cells (secretory) was filled with mucus 

and granular material (Figure 17). The distal ends of the 

glandular cells were separated from one another by ex- 

tremely slender cells that had wedge-shaped distal ends 

(wedge cells) (Figure 17). Two large sacs of mucus, sup- 

ported by connective fibers, were associated with the dor- 

sal wall of the ovary and oviducts (slime sacs, sensu Hy- 

man 1967). 

Testis. The tissue plates were much more numerous in 

the male than in the female gonad (Figure 4). Moreover, 

the flattened cells were present all along the plates and 

were covered by germinal epithelium which was similar 

to that found in the gonad wall (Figure 2). As in the 

ovary, blood sinuses were present between the two layers 

of flattened cells (Figure 4). 
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A layer of large polygonal spermatogonia covered the 

germinal epithelium. Toward the gonad lumen, we ob- 

served layers of spermatocytes and small and slender 

spermatids (Figure 2). Spermatozoa accumulated in the 

testis lumen and formed an homogeneous mass that rep- 

resented ~ 70% of the volume of the fully mature testis 

(Figures 2, 4). 

The ciliated cubic epithelium lining the dorsal wall of 

the testis showed no morphological changes as the sperm 

ducts left the testis and was continuous with the ciliated 

cubic epithelium that lined the sperm ducts. 

Gamete Morphology 

The mature oocytes of Acanthopleura echinata mea- 

sured 345 zm in diameter (SD = 5) (Table 1) and had a 

large amount of dark green yolk (Figure 18). A large 

germinal vesicle measured about ~ 1/4 of the diameter 

of the oocyte’s cytoplasm (Figure 14). The chorion pro- 

jections measured 60 pm (SD = QO) in length and their 

distal portions were expanded into crowns with six to 

seven spikes (Figure 19). The distal portions of chorion 

projections in immature oocytes had partially expanded 

crowns with six to seven rounded protuberances instead 

of spikes (Figures 20, 21, 22). 

The head of the spermatozoa of Acanthopleura echin- 

ata was triangular, measured 8 wm (SD = O) in length, 

and had an anterior filament (Table 1, Figures 23, 24). 

The mid-piece contained large mitochondria and was 

mainly in the posterior end of the head (Figure 24) (in 

some cases the mid piece was in postero-lateral position). 

The flagellum measured 23 4m (SD = 0.5) in length (Ta- 

ble 1, Figure 23). The entire head (including anterior fil- 

ament) appeared fluorescent when stained with Acridine 

Orange. In the histological sections of the testes the head 

was strongly stained with hematoxylin and the mid-piece 

with eosin. 

DISCUSSION 

The structure of the gonad of Acanthopleura echinata 

generally resembles that of other species of chitons (Plate, 

1897; Hyman, 1967; Selwood, 1968; Anderson, 1969; 

Pearse, 1979; Yoshioka, 1986). The presence of tissue 

plates formed by infolding of ventral and lateral gonad 

Figures 16-21. Section of the oviduct of Acanthopleura echinata (stained with hematoxylin-eosin) showing the 

ciliated columnar epithelium of the first portion of the oviduct (on the right) and the abrupt change to the glandular 

pseudostratified epithelium with ciliated sac-shaped cells (to the left). Figure 17. Section of the oviduct of Acan- 

thopleura echinata (stained with hematoxylin-eosin) showing the glandular pseudostratified epithelium, with iden- 

tified glandular (gc) and wedge (we) cells. Figure 18. A spontaneously spawned oocyte of Acanthopleura echinata. 

Figure 19. Detail of the chorion of a spontaneously spawned oocyte of Acanthopleura echinata showing distal 

portions of projections that are expanded into crowns with six to seven spikes. Figure 20. Scanning electron 

micrograph of an immature oocyte of Acanthopleura echinata that was striped from an ovary. Figure 21. Scanning 

electron micrograph of a portion of the chorion of an immature oocyte of Acanthopleura echinata showing rounded 

distal portions of projections. 
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SS od ee ent ee talc deal a 

Figures 22—24. Scanning electron micrograph of the distal portion of chorion projections of an inmature oocyte of Acanthopleura 

echinata showing partially expanded distal portions of projections with six to seven rounded protuberances (rather than spikes). Figure 

23. Scanning electron micrograph of spermatozoa of Acanthopleura echinata. Figure 24. Scanning electron micrograph of a sperma- 

tozoon of Acanthopleura echinata showing the head (h), mid-piece (mp), anterior filament (af), and flagellum (f). 

walls increases the surface for gamete attachment and 

thus for gamete production. In the testis, the greater num- 

ber of plates (compared to the ovary) and the continuous 

covering of germinal epithelium on the plates increases 

the surface for production of spermatozoa. Given that 

male A. echinata (and other chiton species) release sper- 

matozoa before egg release by females, and that the sper- 

matozoa are likely rapidly diluted by water turbulence in 

the intertidal zone (Baxter & Jones, 1987; Grave, 1922, 

1932; Kowalevsky, 1879; Hyman, 1967; Pearse, 1979), 

high production of spermatozoa may enhance fertilization 

success. 

Earlier studies suggested that the gonad wall and tissue 

plates were supported by smooth muscle (Haller, 1882), 

by collagen fibers (Plate, 1899; Gabe & Prenant, 1949a, 

b), or by a combination of the two (Hyman, 1967). The 

latter hypothesis was indicated by the detailed transmis- 

sion electron microscope studies by Selwood (1968) and 

also by Pearse (1979) who referred to the supporting tis- 

sue as muscular-connective tissue. We also observed both 

smooth muscle cells and connective fibers in the sup- 

porting tissue of Acanthopleura echinata. The muscle 

cells were evident when the tissue was stained with he- 

matoxylin eosin, and the collagen connective fibers were 

indicated by a blue coloration when the tissue was stained 

with Mallory (Luna, 1968). 

Plate (1897) indicated that the dorsal ciliated cubical 

epithelium of the gonad of Acanthopleura echinata 

changes in the region where the oviducts leave the ovary, 

first to ciliated columnar epithelium and then to glandular 

non-ciliated columnar epithelium. However, our obser- 

vations show that the glandular non-ciliated columnar ep- 

ithelium described by Plate (1897) is rather a glandular 

ciliated pseudostratified epithelium (Ham, 1975; Di Fiore, 

1981la, b; Leeson & Leeson, 1981). The abundant secre- 

tions within this glandular epithelium suggest that this 

tissue provides the bulk of the materials for the mucus 

that covers the oocytes when they are spawned (oocytes 

are spawned in gelatinous strings, C. EK Gaymer, personal 

observation). The secretions in the slime sacs have the 

same characteristics as those found in the glandular cells 

of the oviduct wall, suggesting that the mucus of A. 

echinata is produced by the glandular cells, then stored 

in the slime sacs and subsequently secreted around the 

oocytes as they are spawned. Hyman (1967) indicates the 
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same function of the slime sacs for Notoplax violacea 

(Quoy & Gaimard, 1835). 

Our observation that the blood sinuses in the tissue 

plates of the gonads of Acanthopleura echinata are con- 

nected to blood vessels from the dorsal aorta reveals a 

system that supplies nutrients and oxygen to the gonad. 

Previous studies suggest two main mechanisms for sup- 

plying materials to vitellogenic oocytes. The first is 

through follicle cells and is indicated by a decrease in the 

lipid and glycogen content of follicle cells during vitel- 

logenesis in chitons and other mollusks (Raven, 1961, 

1966; Nimitz & Giese, 1964). The second is via blood 

vessels and sinuses in the tissue plates, as described for 

the chiton Sypharochiton septentriones Ashby, 1924 [= 

S. pellisserpentis (Quoy & Gaimard, 1835)] (Selwood, 

1968) and also in studies of oogenesis of insects (Kessel 

& Beams, 1963; Anderson, 1964; Stay, 1965). Selwood 

(1968) supports the hypothesis that the blood system sup- 

plies nutrients to the vitellogenic oocytes with the follow- 

ing observations: (1) lipid droplets first appear in the zone 

where the oocytes attach to the tissue plates and later 

appear in the rest of the cytoplasm; (2) the surface of the 

plasmatic membrane exposed to blood increases just prior 

to yolk deposition; (3) the blood connections between the 

vessels and tissue plates only begin to form as oogenesis 

is beginning; (4) micropinocytotic vesicles in the area 

where the oocytes attach to the tissue plates increase in 

number during yolk accumulation; and (5) transmission 

electron microscope observations do not show evidence 

of transfer of materials from follicle cells to vitellogenic 

oocytes. Our observation that there are only blood sinuses 

in the distal portion of the tissue plates, where the vitel- 

logenic oocytes are attached, suggests that the blood sys- 

tem supplies nutrients to the vitellogenic oocytes of A. 

echinata as indicated for S. pellisserpentis. However, this 

hypothesis needs to be supported by further observations 

of different stages of gonad development using transmis- 

sion electron microscopy and histochemistry. 

In Acanthopleura echinata, we observed evidence of 

undulation of the walls of the ciliated vessels during 

spawning (but not of the wall of non-ciliated vessels), 

which suggests participation of these vessels in gamete 

release. The ciliated vessels may also aid in expelling the 

gametes during spawning in Sypharochiton pellisserpen- 

tis, as Selwood (1968) reports that cilia covering ciliated 

vessels generate currents toward the dorsal wall of the 

gonad, from where other cilia produce currents toward 

the oviducts. 

In the tissue plates of the ovary of Acanthopleura 

echinata, the change from flattened cells at the base of 

the plates to columnar cells filled with granules at the 

distal edges is similar to that reported for Sypharochiton 

pellisserpentis (Selwood, 1968). Selwood indicates that 

the columnar cells possess lysosomes that can digest ma- 

terials from the lumen (mainly degraded oocytes) by 

phagocytosis and micropinocytosis. Moreover, the colum- 
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nar cells appear to store digested material in the form of 

lipid droplets and carbohydrate granules. Some of these 

materials are subsequently transferred via blood sinuses 

to developing oocytes (for yolk production) whereas non- 

digested materials are eliminated via the lumen to outside 

the ovary. Previous studies of chitons (Gabe & Prenant, 

1949a, b) and oysters (Hollis, 1963) also suggest that 

stored substances are transferred to the ovary, but do not 

indicate possible mechanisms. Our observation of similar 

granules in the cytoplasm of the columnar cells and vi- 

tellogenic oocytes of A. echinata suggests that the colum- 

nar cells may supply materials to the oocytes through 

blood sinuses. The use of material from columnar cells 

would complement the supply of material from blood 

vessels. 

The oocytes of Acanthopleura echinata measure 345 

jzm in diameter, and this exceeds the largest oocyte size 

previously reported for the genus Acanthopleura [320 wm 

for A. granulata (Gmelin, 1791), Lewis, 1960]. This is 

probably not related to A. echinata being one of the larg- 

est species of the genus Acanthopleura (up to ~ 14 cm 

in length, Boudet, 1945) as oocyte size in chitons is gen- 

erally not related to adult size (Thorpe, 1962; Watanabe 

& Cox, 1975; Pearse, 1978, 1979; Baxter & Jones, 1987). 

The chorion of Acanthopleura echinata is classified as 

type III (sensu Risbec, 1946) because of the numerous 

projections or spines. This type of chorion is also found 

in Chiton cumingsi, Ischnochiton albus, Ischnochiton 

acomphus Hull & Risbec, 1930, Chaetopleura apiculata 

(Say in Conrad, 1834), Acanthopleura gemmata (Blain- 

ville, 1825) (Schweikart, 1904; Lyngnes, 1924; Hull & 

Risbec, 1930-1931; Grave, 1932; review by Pearse, 

1979). Chorion projections combined with mucus facili- 

tate holding oocytes together in gelatinous masses or 

strings, or in attaching them to the substratum (Pearse, 

1979; Eernisse, 1988; Buckland-Nicks, 1993). This could 

be advantageous in reducing dispersion and dilution of 

the oocytes in the turbulent intertidal zone where many 

chitons species are found (Thorpe, 1962; Pearse, 1978; 

Currie, 1990). The distal expansion of the projections 

(crown) is only found in mature oocytes of A. echinata. 

The projections are rounded, or only partly expanded, in 

immature oocytes (as observed in immature oocytes 

striped from ovaries), and expansion takes place during 

gamete maturation prior to spawning (as they are already 

as expanded in non-spawned gonads as in spontaneously 

spawned oocytes). Morphological changes of the struc- 

ture of the chorion have also been observed in Chaeto- 

pleura apiculata (Buckland-Nicks, 1993) and in Mopalia 

muscosa and Tonicella lineata (Buckland-Nicks et al., 

1988b; Buckland-Nicks, 1993). Changes in the form, 

size, and structure of the chorion may influence the site 

and mechanism of fertilization, oocyte sinking rates, ad- 

hesion and cohesion of oocytes, and brood size in brood- 

ing species (Eernisse, 1988; Buckland-Nicks, 1993). 

Studies on 7. lineata and M. muscosa suggest that the 
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opening of the cupules of the chorion is caused by re- 

traction of follicle cells on the mature oocytes (Buckland- 

Nicks et al., 1988b; Buckland-Nicks, 1993). This does not 

appear to be the case for A. echinata as we observed 

mature oocytes with expanded projections that still had 

follicle cells associated to them. Hyman (1967) and An- 

derson (1969) suggest that the follicle cells of M. mus- 

cosa, I. albus, and Tonicella marmorea (Fabricius, 1780) 

are responsible for chorion formation, as the endoplasmic 

reticulum of the follicle cells secrete a dense substance 

that forms a hardened rod which elongates as the follicle 

cell elongates. In contrast, Richter (1976) proposes that 

the chorion of Lepidochitona cinerea (Linnaeus, 1767) is 

secreted by the oocyte’s microvilli and that follicle cells 

only adjust the shape of the chorion. Transmission elec- 

tron microscopy studies are required to further elucidate 

the origin of materials forming the chorion (and the role 

of the follicle cells) in A. echinata and other chiton spe- 

cies. 

The cytoplasm of previtellogenic oocytes in Acantho- 

pleura echinata is basophilic as it is strongly stained by 

hematoxylin. This is explained by its intensive nuclear 

and nucleolar activity. The cytoplasm turns strongly ba- 

sophilic due to the synthesis and storage of RNA (Sel- 

wood, 1968; Anderson, 1969; Pearse, 1979). In contrast, 

the cytoplasm of vitellogenic oocytes is acidophilic as it 

is stained with eosin. This is related to the accumulation 

of yolk granules and vacuoles containing mucopolysac- 

charides within the cytoplasm and also to the decrease in 

the nucleolar activity that increases acidophilic reactions 

(Selwood, 1968; Anderson, 1969; Pearse, 1979). Depend- 

ing on the species of chiton, the oocytes are spawned 

either in prophase I or metaphase I of meiosis, and mei- 

osis is completed as the polar bodies exit after fertiliza- 

tion (Pearse, 1979). Oocytes of A. echinata are spawned 

in prophase I of meiosis that is characterized by a large 

germinal vesicle (evident in sections of oviducts during 

spawning). Mature oocytes have staining characteristics 

similar to vitellogenic oocytes. Nucleolar activity is re- 

duced to a minimum, the basophilic characteristics of cy- 

toplasm have virtually disappeared and the cytoplasm is 

filled with yolk and strongly acidophilic (Selwood, 1968; 

Pearse, 1979). Gametogenesis in numerous chitons stops 

during some periods of the year (Yoshioka, 1986, 1987a, 

b; Pearse, 1978, 1979; Currie, 1990; Nagabhushanam & 

Deshpande, 1982). However, our observation of large 

numbers of previtellogenic and vitellogenic oocytes in A. 

echinata throughout the year indicates that oogenesis is 

continuous. The major seasonal change is that mature 

gametes are abundant in late spring to early summer and 

scarce during winter. 

Acanthopleura echinata has “‘primitive’’ spermatozoa, 

characteristic of species with external fertilization 

(Pearse, 1979; Baccetti & Afzelius, 1976; Al-Hajj, 1987; 
Hodgson et al., 1988). The mid-piece containing the mi- 

tochondria is clearly distinguishable from the rest of the 

body and usually located posterior to the head. The an- 
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terior filament is probably an extension of the nucleus as 

it and the nucleus are fluorescent when stained with Ac- 

ridine Orange. This also suggests the lack of a large ac- 

rosome as indicated for most chiton species (Pearse, 

1979; Pearse & Woollacott, 1979; Russell-Pinto et al., 

1983, 1984; Hodgson et al., 1988). Nevertheless, we can- 

not be sure that an acrosomic granule, as that reported 

for numerous chiton species (Buckland-Nicks et al., 

1988a, b; Hodgson et al., 1988; Buckland-Nicks et al., 

1990; Buckland-Nicks, 1993; Buckland-Nicks & Eernis- 

se, 1993), does not exist in A. echinata, as we did not 

observe the spermatozoa using transmission electron mi- 

croscropy. Sakker (1984) considered that the lack of an 

acrosome is a secondary condition in chitons. An acro- 

some is present in Leptochiton asellus (Gmelin, 1791), a 

chiton belonging to the most ancient living suborder of 

chitons (Pearse, 1979; Hodgson et al., 1988). 

The staining of the testis also varies as spermatogenesis 

proceeds. The cytoplasm of spermatogonia and spermato- 

cytes are acidophilic, strongly staining with eosin, where- 

as spermatids and spermatozoa are basophilic because of 

the nucleic acid content of most structures (Russell-Pinto 

et al., 1983, 1984; Al-Hajj, 1987; Hodgson et al., 1988). 
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Change of Editorship for The Veliger 

A scholarly journal like The Veliger represents a partner- 

ship among authors, editors, reviewers, printers, and read- 

ers. Since volume 37, the preparation of which began in 

1993, I have been privileged to serve this partnership in 

the capacity of Editor-In-Chief. I have been joined in this 

effort by Leslie Roth, Production Editor. When I write 

here in the first person plural, it reflects not merely the 

traditional ‘“‘editorial We,”’ but the fact that for 11 years 

the Veliger editorship has truly been our joint project. 

Together we have tried to uphold the scientific and lit- 

erary standards set by R. Stohler, the journal’s founder, 

and D. W. Phillips, the previous Editor-In-Chief. 

The time is now appropriate for a change of editorship, 

and the California Malacozoological Society, Inc. 

(‘“‘CMS’’) has undertaken the search for a new editor. As 

of this writing, the new person or persons have not been 

selected. Their identity, and the address to which all new 

manuscripts and editorial correspondence should be di- 

rected, will be made known at the earliest possible date, 

at the web site www.theveliger.org and in other applicable 

venues. E-mail sent to editor@theveliger.org will be di- 

rected to the new editor(s). 

We thank the Board of Directors of CMS for their un- 

failing support; the authors who showed their trust in us 

by submitting manuscripts for our consideration; the nu- 

merous specialists who donated their time and effort to 

provide essential peer review; and the staff of Allen 

Press, Inc., for their professionalism in seeing our con- 

tributors’ words into print. To the readership of The Ve- 

liger, we hope we have lived up to your expectations and 

know that you will continue to be well served in the 

future. 

Barry Roth 
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Sclerites 
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The calcium carbonate sclerites of Aplacophora provide 

major taxonomic characters at both species and higher 

taxa levels. They are formed of aragonite crystals by a 

single cell (Rieger & Sterrer, 1975; Haas, 1981; Schel- 

tema, 1985). In all species of Chaetodermomorpha (chae- 

toderms or Caudofoveata) they are solid structures, and 

are either solid or hollow in species of Neomeniomorpha 

(neomenioids or Solenogastres). Sculpturing may be pre- 

sent. Size varies from a few to hundreds of microns in 

length and | to >10 wm in thickness. Shapes vary widely. 

In chaetoderms, sclerites are elongate and leaflike, spat- 

ulate, or rod-shaped; in neomenioids, they are leaflike and 

ovate, or elongate needles, or fishhook-like, trowel- 

shaped, or curved in various ways. 

The morphology of aplacophoran sclerites from differ- 

ent regions of the body are described by line drawings 

indicating size and shape (Figure 1E), by scanning elec- 

tron micrography for imaging fine details and as an aid 

in interpreting line drawings (Figures 1A, 2), and, for 

solid sclerites, by birefingent patterns produced under a 

light microscope equipped with polarizing lenses (Figures 

1C, D, 3). Line drawings and SEM images are standard 

practices in invertebrate taxonomy, but the use of bire- 

fringence is not so usual. The method is described here 

for Aplacophora, and the resulting images are compared 

to SEMs using species of Prochaetodermatidae genera for 

examples. 

Permanent or temporary slides are made by removing 

sclerites with a needle from discrete regions of the body 

either into a drop of water on a flat slide before air drying 

and mounting with a histologic mountant, or into glyc- 

erine on a depression slide. Sclerites in glycerine can be 

manipulated in order to determine rotations of the blade 

(Figure 1E, a) and base (Figure 1E, b) around the long 

axis and for quick identifications. When placed between 

crossed or parallel polarizers of a light microscope, scler- 

ites produce bands of rainbow colors owing to the large 

double refraction of aragonite crystals. The bands, or is- 

ochromes, are species specific in their topography, de- 

pending upon where and to what extent each sclerite is 

thickened (Figure 3). Color photographs presented here 

were made with a Kodak MDS 290 digital camera mount- 

ed on a Zeiss Axioscope with differential interference 

contrast (DIC) for cross-polarized light. It is possible to 

obtain a Polarizer/Analyzer Filter Set from a number of 

companies for microscopes not equipped with polarizers. 

The analyzer mounts under the head and above the ob- 

jective; the polarizer sits on top of the light source and 

can be rotated. For publication, isochromes can be indi- 

cated by dotted contours on line drawings (Figure 3B). 

The interference colors exhibited by a sclerite are com- 

pared to a standard crystallographer’s chart relating bi- 
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Figure 1. A~—E. Sclerites from the anterior trunk region of Claviderma brevicaudatum Scheltema & Ivanov, 2000. A. SEM showing 

medially raised surface. B—D. An individual sclerite photographed under (B) plain transmitted light, with growth lines clearly seen, (C) 

parallel polarized light with clear background, and (D) cross-polarized light with sclerite under extinction. E. Same sclerite as B—D 

drawn using a camera lucida, isochromes (color bands) indicated by dotted lines; a, blade, b, base of sclerite. EF Refractive index of 

aragonite (0.155) represented on a crystallographer’s standard birefringence chart by a thick diagonal line that cuts across horizontal 

lines indicating crystal thickness in jm at left. Vertical dotted lines are approximate boundaries between color bands produced by the 

sclerite under cross-polarized light. The color bands in D, from the edge of the sclerite to the center, are gray to yellow, 1-3 wm; 

magenta, 3.5 wm; blue, 4 ~m; green (very narrow), 5 wm; yellow, 6 wm; orange not evident; magenta, 7.5 jm, the greatest thickness. 

The color bands under parallel polarized light (C) indicate thickness about 2 pm too great, with greatest thickness green, falsely 

interpreting thickness to be 9 pm. 

refringence, interference colors, and thickness, upon 

which is drawn a diagonal representing the aragonite re- 

fractive index (e.g., Wahlstrom, 1951:104 [black & 

white]; Rogers & Kerr, 1942:162—163 [color]) (Figure 

IF). The greatest sclerite thickness can be determined 

from the highest interference color exhibited under 

crossed polarizers when light is extinguished in the back- 

ground (Figure 1D). The colors indicate the following 

approximate thickness, starting at the edge of the sclerite, 

which displays a narrow black line: /st order: gray to 
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Figure 2. SEM images, frontal view, of sclerites from species representing five genera of Prochaetodermatidae. Images reproduced at 

same length for purposes of comparison; blade and base widths and lengths vary among species within a genus. A. Claviderma gagei 

Ivanov & Scheltema, 2001, with fine longitudinal striations, planes of base and blade curved longitudinally toward body, and longitudinal 

axis curved in this view from left to right. B. Chevroderma turnerae Scheltema, 1985, with medial longitudinal groove, longitudinal 

striations, and chevron-shaped growth lines; waist distinct, plane of blade lifted outward relative to base. C. Spathoderma clenchi 

Scheltema, 1985, plane of blade bent outward at waist, basal end asymmetrical. D. Prochaetoderma yongei Scheltema, 1985, base and 

blade in one plane, keel from distal point to slightly below waist, longitudinal axis straight. E. Niteomica hystrix Scheltema & Ivanov, 

2000, base curved transversely, thick, keeled blade sharply bent outward from plane of base, both base and blade with ridges and 

striations. 

creamy white, 1-2 wm; yellow to yellowish brown, 2—3 

ym; magenta, 3.5 wm; 2nd order: blue, 4 wm; pale green, 

5 wm; yellow, 6 wm; orange, 7 wm; magenta, 7.5 wm; 

3rd order: blue, 8 4m; green, 9 wm; yellow, 10 pm. In 

sclerites thicker than 10 pm, alternating bands of pink 

and green appear. 

Parallel polarizers produce interference colors against 

a light background (Figure 1C) and are | to 2 wm higher 

than those produced under crossed polarizers. (The thick- 

ness of sclerites given in earlier publications of Scheltema 

[1985, 1989] and Scheltema et al. [1991], which were 

read under parallel polarizers, should be corrected by this 

factor.) Thickness read by interpreting a color chart is 

somewhat subjective, particularly as the color bands 

blend into each other both on the chart and in the sclerite, 

but is usually accurate to within 1-1.5 wm. 

It is the pattern made by the isochromes in sclerites of 

different species that is equally or more important for 

taxonomic purposes than the absolute thickness of scler- 

ites (Figure 3). For instance, these patterns have made the 

synonymy of Chaetoderma montereyensis Heath, and C. 

attenuata Heath, with C. argenteum Heath, more certain 

(Scheltema et al., 1991), and they have likewise been use- 

ful in differentiating two very similar, sympatric species 

of Chevroderma (Scheltema, 1985; C. turnerae and C. 

gauson). 

A complete description of aplacophorans with solid 

sclerites should include the morphology of sclerites from 

several regions of the body, both dorsal and ventral, based 

on plain transmitted light, cross-polarized light, and scan- 

ning electron micrograph images. As color photographs 

are expensive to print, line drawings need to include some 

device to indicate the pattern of birefringent color bands. 

In future, color plates can be made accessible on the web. 
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Figure 3. Sclerites of species representing five genera of Prochaetodermatidae photographed under cross-polarized light. All images 

reproduced at the same length for purposes of comparison; blade and base widths and lengths vary among species within a genus. A. 

Claviderma brevicaudatum, greatest thickness 7.5 4m extending from base to blade. B. Clevroderma whitlatchi Scheltema, 1985, greatest 

thickness 4 zm at waist and blade, and faintly on base; groove (arrows) 2—3 jm; sclerite asymmetrically thickened, 3—3.5 zm (brownish 

yellow) to left of groove, 3.5 to 4 4m (magenta, blue) to right of groove. C. Spathoderma clenchi, greatest thickness 4 wm on base, 

extending slightly on blade. D. Prochaetoderma yongei, greatest thickness 6 4m at waist and on blade. E. Niteomica hystrix, greatest 

thickness 5 jum (green) on blade. 
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Millerspira, a Replacement Name for Millerella 

Gilbertson & Naranjo-Garcia, 1998 
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We proposed the name “Millerella’” for a subgenus of 

Holospira von Martens, 1860, in a paper titled ““A New 

Subgenus and a New Species of Holospira (Gastropoda: 

Pulmonata: Urocoptidae) from Sonora, Mexico.” This ar- 

ticle appeared in The Veliger 41(4):314—318 (October 1, 

1998). Subsequently, it was discovered that ““Millerella” 

is preoccupied by Millerella Thompson, 1942, a genus of 

fossil protists (Thompson, 1942). Hence, we presently 

propose a replacement name, “‘Millerspira.”’ This new 

name takes the same type species as the name it replaces: 

Holospira milleri Gilbertson, 1989. 
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Introduction 

In the last decade, fishing activities off the coasts of So- 

malia (Eastern Africa) have proved to be an important 

source of new molluscan taxa. A few specimens of Tur- 

ridae from off Mogadishu are here recognized as belong- 

ing to a still undescribed species of the genus Crassispira 

Swainson, 1840. Within Crassispira, this species shows 

a close resemblance in morphological features only with 

the lower Oligocene to Recent American species conven- 
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tionally referred to the subgenus Crassispirella Bartsch 

& Rehder, 1939. Among described Indo-Pacific species, 

Crassispira (Crassispirella) tuckeri sp. nov. is compara- 

ble to the Recent widely distributed Pleurotoma cerithina 

Anton, 1838, and Crassispira jamviniensis Cox, 1927, 

from the Miocene of Pemba, Zanzibar. 

Abbreviations used in the text are: BMNH = The Nat- 

ural History Museum, London; MZB = Museo di Zool- 

ogia dell’ Universita di Bologna; NM = Natal Museum, 

Pietermaritzburg; NMWC = National Museum of Wales, 

Cardiff. 

Systematic Description 

Family TURRIDAE H. & A. Adams, 1853 

Subfamily CRASSISPIRINAE Morrison, 1966 

Genus Crassispira Swainson, 1840 

Subgenus Crassispirella Bartsch & Rehder, 1939 

Type species by original designation: Turris 

(Crassispira) rugitecta Dall, 1918 

Diagnosis: Crassispira with a high, acute spire, sculp- 

tured by well developed axial ribs, usually stopping at 

shoulder, crossed by spiral cords, sometimes producing 

distinct nodules. Suture margined by a prominent cord; 

subsutural ramp with cords and/or threads. Intervals be- 

tween spiral cords usually with threads. Siphonal fasciole 

weaker than in Crassispira s.s. Inner lip with a pointed 

parietal nodule directed downward and intruding into 

opening of sinus which is moderately deep and narrow. 

Protoconch multispiral (in fossil species) or paucispiral, 

conical or bluntly conical, of two to four whorls. 

Discussion: Bartsch & Rehder (1939) proposed Crassis- 

pirella as a subgenus of Crassispira Swainson, 1840, a 

genus well represented in tropical America, with Turris 

(Crassispira) rugitecta Dall, 1918, originally described 

from San Bartolomé Bay, Baja California, Mexico, se- 

lected as type species. The authors also introduced two 

new species that they assigned to the subgenus, namely 

Crassispira (Crassispirella) sanibelensis Bartsch & Reh- 

der, 1939, from Sanibel Island, Florida, and Crassispira 

(C.) tampaensis Bartsch & Rehder, 1939, from Tampa 

Bay, Florida. With regard to the position of C. sanibelen- 

sis, this species is extremely similar to and probably con- 

specific with Drillia acucincta Dall, 1890, from the Pli- 

ocene Caloosahatchie beds of Florida as described and 

figured by Dall (1890). However, we have not examined 

the type material of these two taxa and therefore we ab- 

stain from proposing the synonymy. Both taxa may in- 

deed prove to be closely related to or even synonyms of 

Pleurotoma crocata Reeve, 1845, from unknown locality. 

Crassispira (C.) tampaensis was referred to genus Pyr- 

gospira McLean, 1971, by McLean (197 1a). 

Powell (1966) retained Crassispirella as a valid sub- 
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genus and provided a list of species he regarded as char- 

acteristic to the group. Woodring (1970) described new 

species from the Middle Miocene of Panama. McLean 

(1971b) provided comments and photographs of the west 

American Recent species he assigned to the subgenus, 

which was defined primarily on the basis of the structure 

of the anal sinus. More recently, MacNeil & Dockery 

(1984) described members of Crassispira (Crassispirella) 

from the lower Oligocene Byram Formation, Vicksburg 

Group, Mississippi. 

The new species from Somalia fits well the definition 

of Crassispirella proposed by previous authors and is 

therefore regarded as consubgeneric with the American 

species. The Indo-Pacific Recent Pleurotoma cerithina 

Anton, 1838, and Crassispira jamviniensis Cox, 1927, 

from the Miocene of Pemba, Zanzibar, are comparable in 

main morphological features to the new species and 

should probably also be regarded as members of Cras- 

sispira (Crassispirella). 

Kuroda (1950) described Crassispira (Crassispirella) 

kandai from Japan, the first supposed non-American 

member of the subgenus, but this species has recently 

been referred to Pilsbryspira Bartsch, 1950, by Higo & 

Goto (1994) while the holotype has been figured by Higo 

et al. (2001: pl. 104, fig. G3595). 

As far as we know, all described fossil species of Cras- 

sispira (Crassispirella) bear protoconchs indicative of 

planktotrophic larval development consistent with the 

wide distribution of the subgenus here proposed. Simi- 

larly, both Pleurotoma cerithina Anton, 1838, and Cras- 

sispira jamviniensis Cox, 1927, have a multispiral type 

of protoconch. 

Crassispira (Crassispirella) tuckeri Bonfitto & Morassi, 

sp. nov. 

(Figures 1, 2, 4-7) 

Description: Shell narrowly claviform with acute, slight- 

ly cyrtoconoid spire and moderately short, truncate base. 

Teleoconch consisting of six to seven whorls, subangulate 

at two-thirds of whorl height. Suture shallow bordered by 

nodulous spiral cord. Sculpture consisting of three to four 

prominent spiral cords crossing opisthocline axial ribs 

ending at shoulder to form nodules having their long axis 

parallel with spiral sculpture. Eleven axial ribs present on 

first teleoconch whorl, increasing in number to 16—18 on 

penultimate and 17—19 on last whorl. Interspaces between 

spiral cords with threads of variable strength occurring in 

two series (anterior/posterior) separated by an interval 

much wider than others. From the second whorl to the 

fourth, there are two to four threads in each interspace, 

four to six on later two whorls. Subsutural ramp with two 

to three main threads. Base of last whorl with four main 

cords, seven to nine closely set nodulous cords and fine 

interstitial threads on the neck. The surface is seen to be 

covered by axial growth threads crossing interstitial 

threads to form small plicules. Aperture rather narrow, 

siphonal canal short and moderately wide. Inner lip with 

moderately thick callus, forming a downwardly projecting 

parietal nodule slightly intruding into opening of anal si- 

nus, which is narrow and U-shaped. Under SEM the sur- 

face of the labial callus is seen to be covered by sparse 

nodules. Outer lip preceded by a varix. 

Protoconch pupoid-conic of 24% whorls with flattened 

nucleus. First one whorls sculptured by arcuate, axial ribs 

extending from suture to suture; last half whorl strongly 

fenestrated by axials and five spiral cords. Ground color 

uniform brown; spiral cords, axial ribs and nodules strong 

brown. Interior of aperture greyish violet. 

Dimensions (in mm): Holotype: 12.7 < 4.6 mm; largest 

paratype (with damaged protoconch): 14.8 * 5.2 mm. 

Type locality: Off Mogadishu, Somalia, collected by lo- 

cal fishermen at unknown depth. 

Material examined: Four adult and one juvenile speci- 

men. 

Type repository: Holotype MZB 42945 and three Para- 

types MZB 42946; one Paratype NM L6152/T1981. 

Etymology: Named after John K. Tucker of the Illinois 

Natural History Survey (USA) in recognition of his lib- 

erality in sharing with others his data on turrid taxa. 

Discussion: Among described Indo-Pacific species, Cras- 

sispira (Crassispirella) tuckeri, sp. nov. is similar in gen- 

eral characters to Pleurotoma cerithina Anton, 1838. 

From the latter, the new species differs distinctly in its 

smaller size (up to 14.8 mm compared to 18—24.5 mm in 

length), in possessing a much narrower spire, fewer and 

more widely spaced axial ribs, and a very different color 

pattern (see Powell, 1967). Kilburn (1988) assigned Pleu- 

rotoma cerithina, previously considered by most authors 

as belonging to the genus Turridrupa Hedley, 1922 (see 

for example Powell, 1966, 1967; Cernohorsky, 1978; 

Springsteen & Leobrera, 1986; Wilson, 1994), to genus 

Inquisitor Hedley, 1918, following the advice of Virginia 

Orr Maes, who examined the radula. However, the author 

noted that in shell characters the species is not dissimilar 

to Crassispira. Azuma (1960) and Habe (1962, 1970) had 

already assigned P. cerithina to Crassispira. Given the 

morphological resemblances in sculpture and anal sinus 

morphology between P. cerithina and members of Cras- 

sispira (Crassispirella) a position of the former species 

in Crassispirella should be considered. 

The single worn syntype of Pleurotoma (Drillia) och- 

roleuca Melvill & Sykes, 1897 (Figure 3), from Andaman 

Islands stored in BMNH (1982067), resembles, Crassis- 

pira (Crassispirella) tuckeri but differs in its larger di- 

mensions, broader spire, and much weaker spiral sculp- 

ture. This specimen does not correspond to the original 

figures of Pleurotoma (Drillia) ochroleuca (Melvill & 

Sykes, 1897: pl. 13, figs. 4,5) and proves to belong to a 
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Figures 1-7. Figures 1, 2. Crassispira (Crassispirella) tuckeri Bonfitto & Morassi, sp. nov. Figure 1. Holotype (MZB 42945), 12.7 

x 4.6 mm. Figure 2. Paratype (juvenile) (MZB 42946); scale bar 1 mm. Figure 3. Syntype of Pleurotoma (Drillia) ochroleuca 

Melvill & Sykes, 1897. BMNH 1982067, 20.3 X 7.3 mm. Figures 4—7. Paratype of Crassispira (Crassispirella) tuckeri Bonfitto & 

Morassi, sp. nov. (MZB 42946). Figure 4. Penultimate teleoconch whorl; scale bar = 500 pm. Figures 5, 6. Protoconch; scale bar = 

500 wm. Figure 7. Parietal nodules; scale bar = 10 pm. 

different species from the two syntypes stored in the Na- 

tional Museum of Wales, Melvill-Tomlin Collection 

(1955.158.485). One of these NMWC syntypes appears 

to be the specimen originally figured and clearly indicates 

that Pleurotoma (Drillia) ochroleuca is very similar to 

Pleurotoma cerithina, and probably a synonym of this 

latter taxon. 

Crassispira (Crassispirella) tuckeri 1s similar to Cras- 

sispira jamviniensis Cox, 1927, a species based on a sin- 

gle shell from the Miocene of Pemba, Zanzibar, but dif- 
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fers from it in its larger dimensions, narrowly claviform 

instead of biconic shell shape, and more numerous axial 

ribs (17-19 compared to 14 on last whorl). Cox (1927) 

described the protoconch of Crassispira jamviniensis as 

smooth, whereas that of the new species is sculptured by 

strong ribs. Among American species, Crassispira (Cras- 

sispirella) tuckeri most closely resembles in shape and 

type of teleoconch sculpture Crassispira (Crassispirella) 

epicasta Dall, 1919, described from Taboguilla Island, 

Panama Bay. However, the new species has more nu- 

merous axial ribs (17-19 compared to 13 on the last 

whorl) and, more significantly, a very different proto- 

conch. Dall (1919:24) described the protoconch of Cras- 

sispira (C.) epicasta as consisting of two smooth whorls, 

the last one with a peripheral keel, while that of Crassis- 

pira (C.) tuckeri has strong axial ribs and a fenestrated 

last half whorl. 

The shell surface of Crassispira (C.) tuckeri is covered 

by fine axial and spiral threads, a feature also reported in 

the descriptions of Crassispira (C.) epicasta Dall, 1919 

(Dall, 1919:24) and in Crassispira (C.) sanibelensis 

Bartsch & Rehder, 1939 (Bartsch & Rehder, 1939:135— 

136). Well developed secondary spiral sculpture was also 

detected by MacNeil & Dockery (1984) in the lower OI- 

igocene members of the group. 
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Catalogue of the Marine Gastropod Family 

Fasciolariidae 

by MARTIN AVERY SNYDER. Academy of Natural Sciences 

of Philadelphia Special Publication 21. iv + 431 pp. Pa- 

per, colored pictorial wraps. $38.50 US plus postage and 

handling. 

Martin Snyder begins his catalogue of the Fasciolar- 

lidae with Ernest Rutherford’s quote: “‘A/l science is ei- 

ther physics or stamp collecting.”’ | am sure that gastro- 

pod taxonomy, prone to an almost exponential growth 

in names and classification schemes, would only serve 

to reinforce Rutherford’s conviction that biology, or at 

least systematics, was nothing more than the scientific 

equivalent of stamp collecting. However, this disdainful 

view of sciences other than physics ultimately misses 

the mark. Systematics is more than the dry naming of 

new species and morphotypes, but has an important role 

in the examination of relationships among groups of 

taxa. 

Snyder’s catalogue is an impressive work. It claims to 

be the most comprehensive catalogue of the Fasciolari- 

idae since Linnaeus, over two centuries ago. It probably 

is. The Fasciolariidae, like the other ‘“‘bucciniform’’ fam- 

ilies (e.g., Buccinidae), are incredibly diverse, exhibit a 

seemingly endless amount of variation in shell architec- 

ture and sculpture, and have thus been subject to numer- 

ous taxonomic revisions over the past few centuries. This 

has inevitably led to the proliferation in the number of 

specific and generic names applied to members of the 

family. Generic names have been used in more than one 

sense, adding to the confusion. Such systematic confusion 

and complexity makes it difficult to start addressing what 

the author (and myself) believe are the larger, more im- 

portant issues: detailed phylogenies of caenogastropod 

families. 

What this work provides is an exhaustive listing of all 

the names ever applied to the family over the last several 

centuries. This list includes approximately 130 genus and 

5600 fasciolariid species (fossil and extant) names and 

synonyms. A provisional genus-group classification is 

presented, the genera arranged into three subfamilies. 

Next, an index of species names is presented, following 

the convention of Petit & Harasewych (1990), with spe- 

cies names arranged alphabetically and not by genus. The 

genus name first-proposed for the species name, however, 

is listed in parentheses, following each species name. 

Geographic and chronostratigraphic provenance of each 

species is also given. Following the species-group listing, 

the species are arranged into 18 supraspecific groups, in- 

cluding two groups which, in the author’s opinion, have 

been erroneously included within the Fasciolariidae. The 

latter include Jurassic (and older) species that predate the 

earliest appearance of the family in the fossil record. Fi- 

nally, Snyder presents the reader with a comprehensive 

bibliography. The taxonomic bibliography spans just over 

100 pages and includes over 2500 citations. This alone 

makes this publication a valuable contribution. Too often 

systematic citations are incomplete or incorrect in the lit- 

erature. Snyder goes to considerable effort to track down 

correct dates for the citations, no mean trick in many 

cases. For pre-twentieth century manuscripts in particular, 

published dates often do not match the actual date of 

publication. Articles might be issued as preprints or have 

a date quoted in their introduction that disagrees with the 

true publication date for the volume in which it is in- 

cluded. 

Where the catalogue falls short lies in what it is not, a 

monographic treatment of morphology and phylogeny. Its 

description of the family’s ecology, morphology, and phy- 

logenetic history is overly brief. There is no description 

of taxa or justification of the establishment of genus- 

groups and the assignment of species to them. Admitted- 

ly, a comprehensive discussion of these issues falls be- 

yond the scope of a mere catalogue and could probably 

spawn a massive publication, or publications, in their own 

right. However, an attempt to provide more historical and 

descriptive information could have been made. The ad- 

ditional description would be helpful to readers unfamil- 

iar with the family. Harasewych (1998), cited in the text, 

provides a good example of a brief (seven paragraphs), 

yet highly informative, description of the family’s attri- 

butes and history. In this book’s defense, it was never 

intended to be other than a catalogue, and the provisional 

genus-group classification scheme outlined by Snyder 

could be viewed as forming a series of testable phylo- 

genetic hypotheses. Are these provisional groups clades? 

What are the relationships among these groups and be- 

tween them and other muricoidean clades? I would hope 

that someone picks up the challenge and pursues these 

questions in greater detail. 

Overall, I would recommend this book. It is a bargain 

at its price, available direct from the Scientific Publi- 

cations Department, Academy of Natural Sciences, 1900 

Benjamin Franklin Parkway, Philadelphia, PA 19103- 

1195, USA’ (www.acnatsci.org/library/scipubs). The 
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sheer wealth of taxonomic and bibliographic informa- 

tion make this publication a valuable reference tool to 

anybody interested in fasciolariid phylogeny and sys- 

tematics, or to an avid, serious collector who wishes to 

have the state of the art in fasciolariid nomenclature at 

his or her fingertips. 

David M. Haasl 

The Veliger, Vol. 47, No. 2 
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Comparison of Penetration Costs and Ingestion Speeds among Muricid 

Gastropods with Different Foraging Strategies 

SO ISHIDA 

Laboratory of Animal Ecology, Department of Zoology, Graduate School of Science, Kyoto University, 

Sakyo, Kyoto 606-8502 Japan 

Abstract. Penetration costs and ingestion speeds were compared among three sympatric muricid gastropods, Morula 

musiva, Cronia margariticola, and Ergalatax contractus, in relation to their preferences for drilling predation or klep- 

toparasitism. Scraping volume per unit shell thickness, which was used as an index of penetration cost, followed the 

order: E. contractus > C. margariticola > M. musiva. The ranking of the penetration costs of these muricids is consistent 

with each animal’s inclination for drilling predation as previously reported. Ingestion speed of FE. contractus and C. 

margariticola was significantly faster than that of M. musiva. For E. contractus and C. margariticola, which are klep- 

toparasitic more frequently than M. musiva, their faster ingestion speed would be advantageous in acquiring food by the 

kleptoparasitic strategy, which usually requires scrambling among other muricids. Proboscis diameter of E. contractus 

and C. margariticola was significantly larger than that of M. musiva. Proboscis morphology may mediate the trade-off 

relationship between drilling predation and kleptoparasitism, since a muricid acquires faster ingesting ability by thick- 

ening its proboscis, but, on the other hand, a greater penetration cost might be inevitable because of the need to make 

a larger hole for its insertion. 

INTRODUCTION 

Foraging processes often differ among animals that utilize 

the same food resource. These differences are found in, 

e.g., prey detection cues, attacking methods, and foraging 

group size. Morphological and behavioral characteristics 

related to foraging activity are considered to have evolved 

in relation to the process of prey handling, and are ex- 

pected to be different among these animals. For example, 

prey detection cues differ among some carabid and staph- 

ylinid insects, and species that employ visual cues have 

a high degree of diurnal activity compared to species us- 

ing olfaction cues (Wheater, 1989). Canine tooth mor- 

phology, which relates to its bending strength, differs 

among carnivorous mammal families and reflects various 

species’ foraging behavior, e.g., deep killing bite by felids 

or shallow slashing bite by canids (Van Valkenburgh, 

1987). Frigatebirds and skuas, which are considered spe- 

cialized kleptoparasites (food stealing), have evolved 

structural adaptations to enhance their success in food 

plundering, such as unwebbed feet, large wings, and 

small body mass compared to their related, non-klepto- 

parasitic species (Brockmann & Barnard, 1979; Furness, 

1987). Vultures, which often feed in groups, develop vig- 

ilance and threat behavior against same-guild consumers 

(Prior & Weatherhead, 1991). Some authors have pointed 

Corresponding address: Department of Zoology, Fukui City Mu- 

seum of Natural History, Asuwakami-cho, Fukui 918-8006, Ja- 

pan; so-ishi@ma.city.fukui.lg.jp 

out that competitive scrambling may promote the evolu- 

tion of specific foraging speeds (Shaw et al., 1995; Parker, 

2000). 

Differences in foraging processes for the same food are 

also found in marine carnivorous mollusks. For example, 

both direct predation and kleptoparasitism are reported in 

muricid gastropods. Most muricids can drill calcareous 

seashells and insert their proboscis to ingest the flesh of 

the prey, but some species also kleptoparasitize other 

muricids by displacing them from drilled holes (Hughes 

& Dunkin, 1984) or by “‘pilifering”’ with insertion of their 

proboscis into the valve-aperture of prey mussels that 

have been drilled by other muricids (Morgan, 1972). Pil- 

fering was often observed in feeding aggregations, that 

is, swarms of muricids around a prey item (Brown & 

Alexander, 1994). Thus, some morphological and behav- 

ioral characteristics associated with foraging activity are 

expected to differ among these muricids. However, there 

are few comparative studies of such characteristics in 

muricids. In the present study, I compare the character- 

istics of three sympatric muricid species, Morula musiva 

(Kiener, 1834), Cronia margariticola (Broderip, 1833), 

and Ergalatax contractus (Reeve, 1846), which have dif- 

ferent foraging strategies for the same food resource, at 

the rocky intertidal seashore of Shirahama, Wakayama, in 

the south-western part of Honshu, Japan. 

A previous study (Ishida, 2001) revealed foraging strat- 

egy and interactions between these three muricid gastro- 

pods in the field as follows. Most M. musiva prey upon 

the mussel Hormomya mutabilis (Gould, 1861) by dril- 
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ling (see also Abe, 1989). Cronia margariticola initiates 

predation by drilling or by the “‘gape insertion method” 

(ingestion by inserting its proboscis into the mussel valve 

aperture with or without valve edge drilling, see Menzel 

& Nichy, 1958; Rovero et al., 1999a, b), but often klep- 

toparasitizes prey by either pilfering the flesh from the 

valve aperture or by dislodging the initiator. Most E. con- 

tractus acquire mussel flesh by pilfering, although they 

have the ability to use penetration. The differences in 

preferences for drilling predation (M. musiva > C. mar- 

gariticola > E. contractus) and that for pilfering (E. con- 

tractus > C. margariticola > M. musiva) were also sup- 

ported by the results of laboratory experiments (Ishida, 

2001). When a muricid preys upon mussels, few muricids 

initially cluster around it because the odors of prey flesh 

have not leaked out (Carriker & Van Zandt, 1972). As 

prey flesh is ingested, the flesh odors leak out, and then 

some muricids cluster around the prey. The valves of 

mussel, especially when attacked by the gape insertion 

method, are liable to be open, and other clustered muri- 

cids simultaneously insert their proboscis between mussel 

valves to pilfer (Ishida, 2001). Thus, drilling predators 

can secure a reasonable amount of flesh, whereas pilfer- 

ing feeders must scramble to compete for flesh with oth- 

ers. Those muricids that can ingest faster will potentially 

obtain more flesh under such scrambling conditions. 

In view of these observations, I propose two hypoth- 

eses to explain the difference in the characteristics of the 

three muricids: (1) the penetration cost (defined here as 

the scraping volume per unit penetration) is higher for E. 

contractus than for C. margariticola, and higher in C. 

margariticola than in M. musiva, and is negatively cor- 

related with their preference for the drilling strategy; (2) 

ingestion speed is faster in E. contractus than in C. mar- 

gariticola, and faster in C. margariticola than in M. mu- 

siva, aS an adaptation to the pilfering feeding strategy. I 

use laboratory experiments to measure and compare the 

former two characteristics among the three muricids. Fur- 

thermore, I discuss the possibility that the proboscis di- 

ameter mediates the trade-off relationship between the 

strategies because of the contradiction of lower penetra- 

tion cost and faster ingestion speed. 

MATERIALS Aanp METHODS 

Materials Collection Site 

All laboratory experiments were carried out at the Seto 

Marine Biological Laboratory of Kyoto University 

(SMBL), Wakayama, in the southwest of the main island 

of Japan 33°41’'N, 135°21'E), during May—August 1999 

and May—August 2000. Experimental muricids and mus- 

sels were collected from the intertidal seashore near the 

SMBL. Each individual muricid was used only one. 
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Scraping Volume Measurement 

To collect samples of muricid drill holes for measuring 

scraping volume, each experimental muricid was kept in 

a plastic aquarium under running seawater (temperature 

fluctuation was within 0.2°C during each replication, and 

the range was 20—30°C during the experiment), and was 

provided with a mussel, H. mutabilis (10—25 mm in shell 

length). After the completion of predation, shell thickness 

was measured at four points along the edge of drilled 

holes using a micrometer with a precision of 10 pm. 

Specimens in which the mean thickness at the drilled site 

was thicker than 220 ym and thinner than 340 wm were 

employed for the analysis, to eliminate the effect of thick- 

ness difference on the comparison of scraping volume. 

When muricids drilled at an extremely bent area of mus- 

sel shells resulting in an abnormal hole shape, or when 

they attacked mussels by inserting their proboscis be- 

tween valve-apertures without shell penetration, I re- 

moved that data from the analysis. I obtained 27 repli- 

cates of M. musiva (12.8—23.6 mm in shell height), 13 of 

C. margariticola (17.1—24.9 mm), and 14 of E. contractus 

(16.7—23.3 mm). To estimate the scraping volume, I as- 

sumed that the dimension was a frustum. The volume of 

a frustum, V(mm+*) is defined as follows: 

V = D/3(A + B + VAB) 

where D = height of frustum (i.e., shell thickness, mm), 

A and B = top and bottom section area (i.e., external and 

internal drill hole area, mm7*), respectively. Therefore I 

used (A + B + VAB) as an index of scraping volume. 

Both hole areas were measured by an image analyzing 

program (NIH image 1.62) from the drill hole pictures 

that were taken with a digital camera attached to a bin- 

ocular microscope (final resolution was 1 mm = ca. 340 

pixels). 

To eliminate the size effect among different species on 

the comparison of scraping volume, I introduced the dry 

weight of the muricid’s soft body as a covariate. I broke 

and removed the shells from experimental muricids, dried 

each soft body for 40 hr at 60°C, and weighed it with an 

electronic balance with a precision of 1 pg. 

I assumed the regression function to compared the 

scraping volume of the species as follows: 

In(A + B + VAB) = ay + a,lnW 

where W = muricid dry weight (g), a, (i = 0,1) = coef- 

ficients. I compared the scraping volume index with AN- 

COVA, as the independent variable was a covariate. 

Ingestion Speed Measurement 

To measure ingestion speed, I provided each muricid 

with a flesh-exposed H. mutabilis mussel (10—20 mm in 

shell length), the valves of which had been opened by 

cutting its adductor muscle with a razor. Seawater tem- 

perature condition was the same as in the drill hole sam- 
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Figure 1. Relationship between log (scraping volume index) on log (muricid dry weight) for Morula musiva, Cronia margariticola, 

and Ergalatax contractus. Regression lines are shown with solid lines. Untransformed values of the index are shown in parentheses on 

the right axis. Each coefficient is shown in Table 1. 

ple collection experiments. I then directly observed the 

muricids’ feeding behavior to measure the period from 

the start of ingesting flesh to its completion. I defined the 

ingestion speed as dry weight of ingested mussel flesh 

per unit time. Mussel flesh dry weight was obtained from 

mussel shell length by the equation: W,, = 0.016 x L?°’, 
where W,, = flesh dry weight (wg) and L = shell length 

(mm). Coefficients were derived from 19 mussles (shell 

length 11.2—24.7 mm) dried for 40 hr at 60°C (n = 19, 

R? = 0.87). I obtained 57 replicates of M. musiva (12.1— 

23.2 mm in shell height), 57 of C. margariticola (13.5— 

29.1 mm), and 59 of E. contractus (12.3—23.8 mm). I 

used the following multiple-regression function to com- 

pare the ingestion speeds of the species. 

InS=b,+ b, nw + b, InT 

where S = ingestion speed (wg/min), W = muricid dry 

weight (g), T = mean seawater temperature (°C) and b; 

Table 1 

Parameter values of the regressions of log (scraping vol- 

ume index) on log (muricid dry weight) (In A + B + 

VAB = da) + a, In W). n, sample size; R*, coefficient of 

determination. Asterisks affixed to each F value denote 

the P value: ** P < 0.001; *** P < 0.0001. 

Scraping volume 

index n Ay a R? F 

M. musiva Di 2.96 0.63 0.677 52.44*** 

C. margariticola 1B ZO Om ODS = 08005 4451355 
21.85** E. contractus 14 3.17 0.54 0.645 

(i = 0,1,2) = coefficients. Then I employed ANCOVA, 

as these independent variables were covariates. 

Proboscis Diameter Measurement 

Similar weighed muricids fixed with 8% seawater for- 

malin were dissected and their retracted probosces were 

exposed. Proboscis diameter (at 1 mm distance from the 

end) was measured from the proboscis pictures with the 

same system as measuring drill hole area. Six individuals 

for each of the three species were examined. 

RESULTS 

Scraping Volume 

Regression of scraping volume index (A + B + VAB) 

on muricid dry weight was significant for all three mur- 

icids (Figure 1 and Table 1: linear regression analysis 

with log-transformed dependent and imdependent vari- 

ables). Results of ANCOVA indicated that scraping vol- 

ume index was significantly different among the three 

muricids (Table 2a; interaction effect rejected, P > 0.8). 

Multiple comparison testing with the Bonferroni correc- 

tion (threshold for significance: P = 0.0167) indicated 

that the scraping volume index of E. contractus was sig- 

nificantly larger than that of C. margariticola, and that of 

C. margariticola was larger than that of M. musiva (Table 

2b; all interaction effects rejected, P > 0.6). These results 

suggest that the scraping volume per unit shell thickness 

of E. contractus (1.87 mm/*) was ca. 1.8 times and that 

of C. margariticola (1.28 mm+*) was ca. 1.3 times larger 

than that of M. musiva (1.02 mm+*) of equal dry weight 

(0.05 g). 
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Table 2 

Results of ANCOVA for log (scraping volume index), with log (muricid dry weight) as covariate. (a) Comparison among 

three species; (b) multiple comparison. The threshold for significance of the multiple comparison was P = 0.0167 with 

the Bonferroni correction. 

(a) 

DF SS MS F [P 

Species 2, 2.28 1.14 29.14 < 0.0001 

In(muricid dry weight, g) 1 4.25 4.25 108.93 < 0.0001 

Residual 50 1.95 0.039 

(b) 

Multiple 

comparison DF F Ee 

Mm vs. Cm 1, 37 6.47 0.0153 

Cm vs. Ec 1, 24 13.92 0.0010 

Ec vs. Mm 1, 38 47.66 < 0.0001 

Ingestion Speed 

Significant positive correlations between ingestion 

speed and both muricid dry weight and mean seawater 

temperature were detected in each muricid (Table 3: mul- 

tiple regression analysis with log-transformed dependent 

and independent variables). The results of the ANCOVA 

indicate that ingestion speed was significantly different 

among the three muricids (Table 4a; all interaction effects 

rejected, p > 0.05). Multiple comparison testing with the 

Bonferroni correction (threshold for significance: P 

0.0167) indicates that the ingestion speed of M. musiva 

was significantly slower than that of either C. margari- 

ticola or E. contractus, and that of C. margariticola tend- 

ed to be slower than that of E. contractus although the 

P-value (P = 0.086) exceeded the significance level (Ta- 

ble 4b; all interaction effects rejected, P > 0.05). Inges- 

tion speed of E. contractus (0.21 g/min) and C. mar- 

gariticola (ca. 0.16 wg/min) was ca. 5.0 times faster than 

that of M. musiva (0.037 g/min) of equal body weight 

(0.05 g), in 25°C seawater. Even the smallest C. margar- 

iticola or E. contractus (ca. 12—13 mm in shell height; 

0.1 g/min) ingested ca. 2.0 times faster than the largest 

M. musiva (ca. 23 mm in shell height; 0.05 g/min). 

Proboscis Diameter 

The proboscis of M. musiva was significantly thinner 

than that of either C. margariticola or E. contractus of 

equal weight, and no significant difference was detected 

between the last two with the present sample size (Table 

5: Kruskal-Wallis test, H = 11.9, P = 0.0026; Dunn-test: 

Mm vs. Cm: Q = 2.54, P < 0.05; Cm vs. Ec: Q = 0.75, 

P > 0.5; Ec vs. Mm: Q = 3.30, P < 0.005). 

DISCUSSION 

Scraping volume index, that is, internal and external hole 

area, of E. contractus was significantly larger than that 

of C. margariticola, and that of C. margariticola was 

larger than that of M. musiva. Carriker & Van Zandt 

(1972) observed that a muricid (Urosalpinx cinerea fol- 

lyensis) continued enlarging a borehole until it was large 

enough to admit the proboscis, while repeatedly trying to 

force the proboscis into the hole. Therefore, the hole area 

would be essentially determined by the thickness of the 

proboscis to be inserted. Actually, C. margariticola and 

E. contractus have thicker probosces than M. musiva. 

Ingestion speed significantly differed between muri- 

cids. Cronia margariticola and E. contractus, which 

Table 3 

Parameter values of the multiple regressions of log (ingesting speed) on log (muricid dry weight) and log (mean seawater 

temperature) (In S = b) + b, In W + b, In T). n, sample size; Rk’, coefficient of determination. Asterisks affixed to each 

F value denote the P value: *** P < 0.0001. 

n bo b, b, R? F 

M. musiva Sy7/ —18.87 0.51 5.31 0.502 

C. margariticola ay =a) 0.80 5.69 0.418 

E. contractus 59 —8.20 0.56 2.58 0.351 
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Table 4 

Results of ANCOVA for log (ingesting speed), with log (muricid dry weight) and log (mean seawater temperature) as 

covariates. (a) Comparison among three species; (b) multiple comparison. The threshold for significance of the multiple 

comparison was P = 0.0167 with the Bonferroni correction. 

MS Ie! BP, 

46.54 153.26 < 0.0001 

12.78 42.08 < 0.0001 

25.08 82.57 < 0.0001 

0.30 

(a) 

DF SS 

Species 2 93.08 

In(muricid dry weight, g) 1 12.78 

In(mean seawater temp, °C) 1 25.08 

Residual 168 51.02 

(b) 
Multiple 

comparison DF F p 

Mm vs. Cm 1, 110 158.24 < 0.0001 

Cm vs. Ec il, a 2.99 0.086 

Ec vs. Mm ils i 214.57 < 0.0001 

adopt a kleptoparasitic strategy by pilfering from mussel 

valve apertures and scramble for prey with other muri- 

cids, ingested flesh considerably faster than M. musiva. 

One of the important characteristics to enable faster in- 

gestion may be a thick proboscis, which is present in C. 

margariticola and E. contractus. 

The shell penetration process of muricids consists of 

chemical dissolution and radular rasping. Greater scrap- 

ing volume in penetration would consume more physio- 

logical energy (e.g., secretion of chemicals, radular move- 

ment, and secretion). Assuming that such inclusive costs 

per muricid dry weight are comparable among species, 

E. contractus needs more energy for shell penetration 

than does C. margariticola, which in turn uses more en- 

ergy than M. musiva. This may explain the differences in 

the preference for their drilling predation strategy, which 

has been observed in the field and the laboratory (Ishida, 

2001). Morula musiva would use only 60-80% of the 

penetration cost incurred by E. contractus and C. mar- 

gariticola when preying upon mussels of the same size. 

On the other hand, faster ingestion will be more advan- 

tageous in acquiring food under scrambling conditions. If 

the three muricids were to ingest the same mussel simul- 

taneously, the expected gain of M. musiva will be cer- 

tainly less than 50% of that of C. margariticola and E. 

contractus. Thus, even if an exploitable resource is avail- 

able for M. musiva, it may have to compensate food ac- 

quisition by drilling predation when it coexists with the 

other two species. These results may explain partly the 

differences in relative frequency of pilfering, especially 

between M. musiva and the other two species in the field 

(Ishida, 2001). 

If a muricid has a thicker proboscis that seems to en- 

able faster ingestion, it has to make a larger hole to insert 

its proboscis for drilling predation. Therefore, the ability 

to ingest quickly may be at the expense of a greater pen- 

etration cost. Thus, a trade-off relationship is expected 

between drilling predation and pilfering kleptoparasitism 

in the muricid. To test for this trade-off, we need to eval- 

uate the actual cost of penetration. If penetration account- 

ed for a relatively small part of the total cost of foraging, 

the increase in penetration cost with increased proboscis 

thickness may not affect the muricid’s dependence on a 

drilling predation strategy. 

For a more robust evaluation of penetration cost in 

these muricids, we will need to collect information about 

the functional and morphological parameters of drilling 

organs (e.g., accessory boring organ or radula) that would 

also determine the drill hole size. In addition, I did not 

examine the time cost of penetration which previous stud- 

Table 5 

Mean proboscis diameter of three muricids. Lowercase letters (a, b) affixed to the diameter values represent the result 

of a post-hoc test (see text). 

Shell height 

Species n (mm) 

M. musiva 6 18.5-19.7 

C. margariticola 6 19.0-19.4 

E. contractus 6 19.9-22.5 

Proboscis diameter 

(mean + 1SD mm) 

Muricid dry weight 

(mean + 1SD, g) 

0.054 + 0.010 0:97 = 0:09%a 

0.064 + 0.016 125)2==10 8116" 

0.053 + 0.014 1.69 + 0.20 b 
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ies employed to discuss the muricids’ foraging ecology 

especially in the intertidal environment (Hughes & Dun- 

kin, 1984; Abe, 1989; Serra et al., 1997). To test the 

trade-off hypothesis carefully, the penetration time for 

each muricid must be determined. For example, radular 

size and stroke would need to be examined not only to 

determine penetration efficiency but also ingestion 

speed—a larger and longer radular ribbon may be able to 

shorten both the penetration and ingestion processes. 

Even a thicker proboscis may reduce the time required 

for drilling. The muricid proboscis itself also plays a role 

in the penetration process, e.g., by absorbing fragments 

of rasped shell from the borehole or possibly delivering 

enzymes to hydrolyze the prey shell (Carriker, 1981). A 

thicker proboscis may reinforce these functions. 

The present study examines two possible characteris- 

tics affecting the foraging strategy of muricids; there may 

be other important factors. Ishida (2001) showed that E. 

contractus responded to mussel flesh quicker than M. mu- 

siva in the laboratory. Thus, the ability to detect olfactory 

cues emitted from potential exploitable prey may differ 

among the three muricids. Furthermore, the ability to 

crawl quickly to reach the prey would be advantageous 

for a pilfering strategy. More investigation and integration 

of these factors are needed to further understand the be- 

havioral ecology of the foraging muricid. 

Acknowledgments. I am grateful to Professor G. J. Vermeij and 

an anonymous referee for reviewing the manuscript and for their 

constructive comments. I thank Drs. N. Abe, K. Iwasaki, K. Nak- 

ata, S. Ohgaki, T. Sako, T. Sota, T. Watanabe, T. Yamamoto, and 

the other members of the Laboratory of Animal Ecology of Kyo- 

to University and the Kyoto Marine Biological Seminar for their 

constructive advice on this research and critical reading of the 

first draft. I also thank M. Sato, Y. Shirayama, and the other staff 

of the SMBL of Kyoto University for their assistance with my 

laboratory experiment. 

LITERATURE CITED 

ABE, N. 1989. Prey value to the carnivorous gastropods Morula 

musiva (Kiener) and the two forms of Thais clavigera (Kiis- 

ter): effects of foraging duration and abandonment of prey. 

Malacologia 30:373—395. 

BROCKMANN, H. J. & C. J. BARNARD. 1979. Kleptoparasitism in 

birds. Animal Behaviour 27:487—514. 

Brown, K. M. & J. E. ALEXANDER, JR. 1994. Group foraging in 

a marine gastropod predator: benefits and costs to individ- 

uals. Marine Ecology Progress Series 112:97-105. 

CARRIKER, M. R. & D. VAN ZANDT. 1972. Predatory behavior of 

The Veliger, Vol. 47, No. 3 

a shell-boring muricid gastropod. Pp. 157-244 in H. E. Winn 

& B. L. Olla (eds.), Behavior of Marine Animals. Vol. 1. 

Plenum Press: New York. 

CARRIKER, M. R. 1981. Shell penetration and feeding by natica- 

cean and muricacean predatory gastropods: a synthesis. Ma- 

lacologia 20:403—422. 

FURNESS, R. W. 1987. Kleptoparasitism in seabirds. Pp. 77-100 

in J. P. Croxall (ed.), Seabirds: Feeding, Ecology and Role 

in Marine Ecosystem. Cambridge University Press: Cam- 

bridge. 

HuGues, R. N. & S. D. B. DUNKIN. 1984. Behavioural compo- 

nents of prey selection by dogwhelks, Nucella lapillus (L.), 

feeding on mussels, Mytilus edulis L., in the laboratory. 

Journal of Experimental Marine Biology and Ecology 77: 

45-68. 

IsHipA, S. 2001. An analysis of feeding aggregations in intertidal 

muricids: species-specific modes of foraging—initial pre- 

dation and parasitism. Asian Marine Biology 18:1—13. 

MENZEL, R. W. & FE. NicuHy. 1958. Studies of the distribution 

and feeding habits of some oyster predators in Alligator Har- 

bor, Florida. Bulletin of Marine Science of the Gulf and 

Caribbean 8:125-145. 

MorGan, P. R. 1972. Nucella lapillus (L.) as a predator of edible 

cockles. Journal of Experimental Marine Biology and Ecol- 

ogy 8:45—S2. 

PARKER, G. A. 2000. Scramble in behaviour and ecology. Phil- 

osophical Transactions of the Royal Society of London, B 

Biological Sciences, 355:1637—1645. 

Prior, K. A. & P. J. WEATHERHEAD. 1991. Competition at the 

carcass: opportunities for social foraging by turkey vultures 

in southern Ontario. Canadian Journal of Zoology 69:1550— 

1556. 

RoveERO, F, R. N. HUGHES & G. CHELAZZI. 1999a. Effect of ex- 

perience on predatory behaviour of dogwhelks. Animal Be- 

haviour 57:1241—1249. 

ROVERO, F, R. N. HuGHEes & G. CHELAZZI. 1999b. Cardiac and 

behavioural responses of mussels to risk of predation by 

dogwhelks. Animal Behaviour 58:707—7 14. 

SERRA, G., G. CHELAZZI & J. C. CASTILLA. 1997. Effects of ex- 

perience and risk of predation on the foraging behaviour of 

the South-eastern Pacific muricid Concholepas concholepas 

(Mollusca: Gastropoda). Journal of Animal Ecology 66:876— 

883. 

SHAW, J. J., T. TREGENZA, G. A. PARKER & I. E Harvey. 1995. 

Evolutionarily stable foraging speeds in feeding scrambles: 

a model and an experimental test. Proceedings of the Royal 

Society of London, B Biological Sciences, 260:273-277. 

VAN VALKENBURGH, B. 1987. Canine tooth strength and killing 

behaviour in large carnivores. Journal of Zoology 212:379— 

397) 

WHEATER, C. P. 1989. Prey detection by some predatory Cole- 

optera (Carabidae and Staphylinidae). Journal of Zoology 

218:171-185. 



THE VELIGER 
© CMS, Inc., 2004 

The Veliger 47(3):169-174 (March 16, 2005) 

Control of the Seasonal Arrest of Copulation and Spawning in the Apple 

Snail Pomacea canaliculata (Prosobranchia: Ampullariidae): Differential 

Effects of Food Availability, Water Temperature, and Day Length 
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Abstract. Two laboratory experiments were carried out on summer (active) pairs of Pomacea canaliculata (Lamarck, 

1822), to study the influence of food availability (ad libitum feeding and restriction to 25% of the ad libitum require- 

ments), and to determine the effects of water temperature (25°C and 18°C) and day length (14 hr light/day and 10 hr 

light/day) on the frequencies of copulation and spawning, and on some spawn measurements such as egg number and 

volume, and percentage of fertile eggs (i.e., those containing developing embryos). In all groups, the animals were first 

observed during 14 days in “‘acclimation”’ conditions (i.e., ad libitum feeding, 25°C, and 14 hr light/day), and then 

changed to one of the different “‘treatments.’’ Both food restriction and low water temperatures induced a decrease in 

the frequencies of both copulation and spawning, without altering the spawn measurements. Short day length was without 

effect on these behaviors. We conclude that low food availability and cool water are important cues for the seasonal 

arrest of copulation and spawning in P. canaliculata. We conclude that both food restriction and low water temperatures 

are responsible for the seasonal arrest of copulatory and spawning behaviors in Pomacea canaliculata, although autumn 

decreasing temperature seems to be the critical factor in the field. Shortening of the photoperiod may be of little or no 

importance in determining the seasonal reproductive arrest. 

INTRODUCTION 

The ampullariids are a family of limnic gastropods widely 

distributed in tropical, subtropical, and temperate zones 

over the Old and New World (Hylton Scott, 1957; Bert- 

hold, 1989). The combined occurrence of a gill and a 

lung, and their ability to embed themselves in the mud 

of aquatic environments, permit apple snails to tolerate 

periods of drought and low water temperatures, and have 

allowed them to colonize a wide spectrum of waters (Hyl- 

ton Scott, 1957; Pain, 1972; Castellanos & Fernandez, 

1976; Berthold, 1989). Pomacea canaliculata (Lamarck, 

1822) occurs mainly in lentic habitats throughout the low- 

er Amazon basin and the Plata basin (Hylton Scott, 1957; 

Martin et al., 2001). It also occupies semi-arid regions in 

the west of Argentina up to 500 m above sea level, with 

the 38° parallel as its southern boundary (Cazzaniga, 

1987). 

This Neotropical species has been introduced (ca. 

1980) to several Asian countries for aquaculture, and has 

settled in rice farms, where it has become a pest (Halwart, 

1994; Cowie, 1998). It may also act as an intermediate 

host of the nematode Angiostrongylus cantonensis (Chen) 

(Leon-Dancel, 1970). The threats posed by this anthro- 

pogenic spread of Pomacea canaliculata and, on the oth- 

er hand, the potential use of ampullariid snails in the con- 

trol of the intermediate hosts of Schistosoma mansoni 

(Sambon) (Cazzaniga, 1990b; Pointier & Giboda, 1999) 

or as a biological control for aquatic weeds (Thomas, 

1975; Cazzaniga, 1983) have raised an increasing interest 

in its biology. 

In the tropical and subtropical zones of Brazil and Par- 

aguay, Pomacea species seem to be active throughout the 

year (Hylton Scott, 1957; Fausto Filho, 1962, 1965; Mil- 

ward de Andrade et al., 1978) while in field populations 

of Pomacea canaliculata in southern South America, 

copulation and spawning occurs only during the warm 

season, and breeding ceases in autumn (Estebenet & Mar- 

tin, 2002). Albrecht et al. (1999) showed that increases 

in water temperature induce the onset of both copulation 

and spawning activities in winter inactive individuals of 

Pomacea canaliculata, while a shift to a long photoperiod 

was ineffective to do so; also, food restriction did not 

significantly affect the activation induced by temperature 

rise. Estebenet & Cazzaniga (1992, 1993) reported that 

winter conditions delayed growth and sexual maturation 

in this species, and they also observed that spawning fre- 

quency was also decreased. However, they did not deter- 

mine whether such effects were due to changes either in 

water temperature, shifting to a short photoperiod, or a 

decrease in food intake. 

To approach the question of which environmental fac- 

tors are responsible for the seasonal arrest of reproduction 
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we investigated the effects of food availability, water 

temperature, and day length on copulation and spawning 

in summer active pairs of Pomacea canaliculata under 

laboratory conditions. 

MATERIALS AND METHODS 

Maintenance of Snails in the Laboratory 

Sexually mature individuals of Pomacea canaliculata, 

of both sexes, were collected in Palermo Park (Buenos 

Aires, Argentina) during the spring/summer of 1993— 

1996. Voucher specimens of this population were depos- 

ited at the collection of the Museo Argentino de Ciencias 

Naturales (Buenos Aires, Argentina; lot MACN-In 

35707). The snails were maintained in outdoor ponds un- 

til they were used for studies. The observations were con- 

ducted in four aquaria (56 * 41 xX 20 cm), each divided 

into 10 compartments (11 * 20 * 20 cm) with a plastic 

mesh. The shell lengths ranged from 33—67 mm (sexual 

maturity 1s reached at about 25 mm, Martin, 1986; Es- 

tebenet & Cazzaniga, 1992). One male and one female 

(sex was determined by the shape of the operculum, Caz- 

zaniga, 1990a, and confirmed by autopsy after the exper- 

iments) were placed in each compartment. Continuous 

water renewal about 10 times/day was ensured by a con- 

stant input flow, and water level was kept 10 cm above 

the bottom. The aquaria were illuminated with 15 W 

white fluorescent tubes located 22 cm above the water. 

Snails that died during the observations were replaced by 

another individual of the same sex, since previous obser- 

vations (Albrecht & Castro-Vazquez, unpublished) indi- 

cated that neither the frequency of copulation nor that of 

spawning change after replacement of one partner. 

Acclimation Period 

Prior to each experiment the pairs were allowed to ac- 

climate to the aquaria for 2 weeks during which the snails 

were maintained on a photoperiod of 14 hr of light/day, 

which is similar to the longest day of the year in Men- 

doza. Water temperature was kept at 25.5 + 1.9°C (mean 

+ SD), which approximates maximum water tempera- 

tures at noon during summer (based on 1992-1993 re- 

cordings in our outdoor ponds) and fresh lettuce was pro- 

vided ad libitum. 

Observations of Snails 

Daily observations of the pairs were made at 7—9:30 

a. m.; 1:30-2:30 p. m.; and 6:30—9 p. m. (the middle of 

the illuminated period was fixed at noon) during both the 

acclimation and the experimental period of 14 days dur- 

ing which copulation and spawning were recorded. Only 

males that copulated at least twice (92/115, 80%), and 

females that spawned at least once (92/115, 80%) during 

the acclimation period were considered as active individ- 

uals and were included in the study. The snails were al- 

loted at random to the different experimental groups. 

A single episode of copulation was recorded if copu- 

latory activity was observed on either one or more than 

one consecutive observations on the same pair. An epi- 

sode of spawning was recorded when a female was ob- 

served during egg-laying or if an egg mass had been de- 

posited between consecutive observations (P. canalicu- 

lata females lay their eggs above the water level). Fre- 

quencies were calculated as the slope of the cumulative 

curve of episodes of either copulation or spawning. Dif- 

ferences between means were evaluated with a one-tailed 

Mann-Whitney U-Test (when two groups were compared) 

or Kruskal-Wallis Analysis of Variance by Rank, fol- 

lowed by the Mann-Whitney U-Test for subsequent in- 

dividual comparisons (Siegel & Castellan, 1988). Signif- 

icance level was fixed at P < 0.05. 

Only results for those snails that remained alive during 

the whole acclimation and experimental periods are pre- 

sented. 

Measurements of Spawns 

The spawns were collected as soon as they were ob- 

served. The egg masses were dispersed in 2% sodium 

hydroxide, washed, and air-dried thoroughly before 

counting the eggs (Albrecht et al., 1996). The mean egg 

volume was calculated on the basis of the mean diameter 

of a 10 egg-sample from each spawn, measured with a 

caliper to the nearest 0.1 mm. The spawn volume was 

calculated as the product of the mean egg volume and 

the number of eggs in the spawn. The eggs were incu- 

bated in an air-conditioned room at 24 + 2°C for 10-15 

days, when the proportion of developing embryos was 

determined for each spawn. The differences in spawn 

measurements between treatments were evaluated with 

either the Student’s t Test for independent samples (when 

two groups were compared) or with ANOVA I, followed 

by the Tukey Test (Zar, 1984). Angular (arcsine %x) 

transformation was used for percentages of developing 

embryos(x). 

Effect of Food Availability on Copulation and 

Spawning 

After the acclimation period, two experimental treat- 

ments were applied during the following 14 days: (1) 

Control—the snails were fed ad libitum with fresh lettuce. 

The amount of fresh lettuce eaten was experimentally de- 

termined as 170 g/kg live mass, and was used as a ref- 

erence for the restricted group; (2) Restricted—snails 

were fed with 42.5 g/kg live mass, i.e., 25% of the 

amount the control snails received. 

One female that was exposed to restricted feeding (1/ 

14, 7%) died during the experimental period. No male 

died during the same period. 
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Figure 1. Effect of food availability on the mean frequencies (+ SE) of copulation and spawning (episodes/week by mating pair). All 

animals were maintained in warm water and under a long photoperiod. Number of cases is indicated between parentheses. Asterisks 

indicate (in the same panel) significant differences (P < 0.05, Mann-Whitney U Test). 

Effects of Water Temperature and Day Length on 

Copulation and Spawning 

The low water temperatures were chosen within the 

range observed during April (early autumn) in our out- 

door ponds (10—20°C; 1992-1993 recordings). Day 

lengths were chosen to approximate the longest and the 

shortest day of the year in Mendoza. 

Four experimental treatments were set up as follows: 

(1) WL, warm water (25.5 + 1.9°C, mean + SD) and 

long photoperiod (14 hr light/10 hr dark); (2) WS, warm 

water and short photoperiod (10 hr light/14 hr dark); (3) 

CL, cold water (18.5 + 1.9°C, mean + SD) and long 

photoperiod; and (4) CS, cold water and short photope- 

riod. The snails were fed with fresh lettuce ad libitum 

throughout the experiment. 

Four males died on day 5 of the experimental period. 

All of them had been exposed to the lower water tem- 

perature (18°C); three of them had pertained to the short 

photoperiod group (3/18, 17%), while one had been ex- 

posed to the long photoperiod (1/16, 6%). 

Replicate observations were run for both experiments, 

starting on February 8, 1994; March 31, 1994; January 

22, 1995; March 31, 1995; and February 26, 1996. Since 

no differences were apparent between the sets of obser- 

vations, they were pooled for presentation. 

RESULTS 

Effect of Food Availability on Copulation and 

Spawning 

The frequencies of both copulation and spawning were 

significantly lower when the animals were fed on a re- 

stricted amount of food (copulation: Mann-Whitney U 

Test, U = 73.00, P = 0.024; spawning: Mann-Whitney 

U Test, U = 58.00, P = 0.028; Figure 1). No significant 

differences between treatments were found (Student’s t 

Test for independent samples, P > 0.05) in either the 

number of eggs per spawn, the mean egg volume, the 

percentage of developing embryos, or the volume of the 

spawn (Table 1). 

Effects of Water Temperature and Day Length on 

Copulation and Spawning 

The frequencies of both copulation and spawning sig- 

nificantly decreased (copulation: Kruskal-Wallis Test: H 

(df = 3, n = 59) = 22.43, P = 0.0001; spawning: Krus- 

kal-Wallis Test: H (df = 3, n = 62) = 22.24, P = 0.0001; 

Mann-Whitney U Test for subsequent individual compar- 

isons, P < 0.05; Figure 2) after the exposure to the low 

water temperature under both, long and short photoperi- 

od. 

No significant differences were found (ANOVA I, Tu- 

key Test; P > 0.05) in any of the spawn measurements 

(number and volume of eggs, volume of the spawn, and 

percentage of developing embryos) between the different 

experimental groups (Table 2). 

DISCUSSION 

Water temperature, day length, and availability of food 

were investigated as likely candidates for determining the 

seasonal arrest of copulation and spawning in Pomacea 

canaliculata. Water temperature may be a better environ- 

mental cue than air temperature to predict the coming 

winter, since water bodies cool off slowly and steadily in 

autumn in contrast to the greater fluctuations of air tem- 

perature (Daly & Wilson, 1983). Day length is also a 
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Table | 

Spawn measurements in females fed with either a control (ad libitum) or a restricted diet. All animals were maintained 

in warm water and under a long photoperiod. Results are expressed as the ““‘weighted’’ mean (+ SE) and the range of 

the mean values of individual females. 

ad libitum feeding 

(13 females, 42 spawns) 

Restricted feeding 

(7 females, 15 spawns) 

Mean + SE Range Mean + SE Range 

Number of eggs 

per spawn ile ya) er CAI) 28.0—229.7 1DS5:Gnsl 22. 70.0—185.5 

Mean egg 

volume (mm+*) 10.1 + 0.7 6.7-15.9 10.1 + 0.4 7.6-11.7 

Spawn volume 

(mm‘*) 1134.1 + 145.5 318.4—2389.2 1292.2 + 148.6 735.4—2004.1 
% of developing 

embryos SS see AKO) 0.0—59.1 41.6 + 7.2 3.4-57.2 

potentially useful parameter since it follows exactly the 

same pattern every year, while local climate, i.e., the typ- 

ical temperatures and precipitation regime of a region 

may be strongly affected by major global disturbances 

(such as El Nino and the Southern oscillation, Diaz & 

Markgraf, 2000). Also, the availability of food may be 

critical for controlling the energetically costly reproduc- 

tive processes (Aldridge, 1983). 

The current results show that water temperatures within 

the April range (early autumn) of a temperate zone have 

an inhibitory influence on the frequencies of both copu- 

lation and spawning in Pomacea canaliculata. This in- 

hibition is not affected by changes in photoperiod length, 

and it is direct in the sense that it is not mediated through 

a decrease in the availability of food. However, food re- 

striction was also able to induce a significant decrease in 

the frequencies of copulation and spawning in P. canal- 

iculata individuals maintained in conditions of warm wa- 

ter and long photoperiod. It is remarkable that the number 

and size of eggs in each spawn was not altered by any 

treatment nor was the percentage of fertile eggs. It seems 

therefore that both fertilization and the oviductal forma- 

tion of oocyte envelops (Catalan et al., 2002) are not im- 

paired under the conditions of the current experiments, 

but that the number of oocytes produced is drastically 

reduced by both low temperature and food restriction. In 

the end, the energetically costly production of eggs was 

thus reduced to less than half. 

Both the decrease of water temperature and availability 

of food may act either as proximate factors (with imme- 
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Figure 2. Effects of combinations of either warm (W) or cold (C) water, and of either long (L) or short (S) photoperiod on the mean 

frequencies (+ SE) of copulation and spawning (episodes/week by mating pair). Number of cases is indicated between parentheses. 

Asterisks indicate (in the same panel) significant differences (P < 0.05, Kruskal-Wallis Test) from both warm water groups (WL and 

WS); other differences were not significant. 
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Table 2 

Spawn measurements in females maintained under combinations of either warm (W) or cold (C) water, and of either long (L) or short (S) photoperiod. 

Results are expressed as the ‘‘weighted’’ mean (+ SE) and the range of the mean values of individual females. 

WS (15 females, CL (8 females, CS (5 females, 

WL (10 females, 

6 spawns) SE 

18 spawns) 

Mean + SE 

52 spawns) SE 

36 spawns) 

Range 

Mean + 

Range 

Range 

Mean + 

Range 

Mean + SE 

Number of eggs 

13.0-119.0 

58.1-365.5 86.0 + 25.9 31.0—229.0 77.8 + 15.9 

0.6 

51.0—282.0 

158.4 + 21.8 

per spawn 
Mean egg 

8.9-15.7 

iO ss ior 

6.2-11.8 

9.6 + 0.4 7.9-11.6 9.2 + 0.4 

volume (mm+*) 
Spawn volume 

204.8-2199.9 

+ 295.9 

94.2—4106.5 1086.9 

447.4 
te 

616.9-2994.8 1303.5 

+ 188.6 

1835.1 

523.7-3016.9 

+ 236.3 

1613.8 

(mm?) 
% of developing 

0.0-72.3 39.1-+ 10.7 0.0-—67.6 

6:2°£°7.9 
nm 

1.0-89.1 

5.6 

51.0 = 

0.0-73.6 

48.4 + 7.2 

embryos 
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diate beneficial or detrimental effects) or as ultimate fac- 

tors (with effects on evolution of the reproductive strat- 

egy) (Baker, 1938). We suggest that these environmental 

factors are acting proximately in P. canaliculata since 

this and other Pomacea species reproduce throughout the 

year in the tropical and subtropical zones of Brazil and 

Paraguay (Hylton Scott, 1957; Fausto Filho, 1962, 1965; 

Milward de Andrade et al., 1978), and since P. canali- 

culata may shift from seasonal reproduction and itero- 

parity to both continuous reproduction and semelparity, 

provided that summer water temperatures are artificially 

maintained (Estebenet & Cazzaniga, 1992). 

It has been proposed that day length may be of lesser 

importance than the preceding factors to cue the termi- 

nation of reproductive processes in aquatic animals (Daly 

& Wilson, 1983). However, one can speculate that days 

that are becoming shorter may be more significant than 

days becoming longer in cueing reproductive processes 

in Pomacea canaliculata since the individuals are buried 

in the mud (and thus unable to perceive light) at the time 

when days become longer. Nevertheless, our results in- 

dicate that a short day length does not provoke by itself 

any effect on the frequencies of both copulation and 

spawning in non-buried animals, nor does it potentiate 

the effects of low temperatures on these frequencies. 

In general, the relationships between these seasonally 

changing parameters with spawning and with other as- 

pects of biological fitness (e.g., survival, fecundity, and 

growth) have received considerably more attention (Es- 

tebenet & Martin, 2002) than their relation to the seasonal 

changes in copulatory activity, probably because such be- 

havior is often difficult to evaluate in nature (Aldridge, 

1983). In the laboratory, however, we have observed (AI- 

brecht et al., 1996, and this paper) that copulation occurs 

two to three times a week in reproductively active P. 

canaliculata and a typical copulatory episode lasts 10— 

12 hours, during which the male stops feeding. Then, the 

magnitude of such “‘negative’’ reproductive investment 

on the part of the male should also be kept in mind when 

adaptation to winter conditions is considered. 

We conclude that both food restriction and low water 

temperatures are responsible for the seasonal arrest of 

copulatory and spawning behaviors in Pomacea canali- 

culata. However, the decrease in water temperature that 

occurs in autumn seems to be the critical factor that caus- 

es this seasonal arrest, since food availability is unlikely 

to decrease without a previous or simultaneous decrease 

in water temperature. Shortening of the photoperiod may 

be of little or no importance in determining the seasonal 

arrest of reproductive activities in this species. 
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Abstract: Two new species of Marstonia (Hydrobiidae, Nymphophilinae) are described. Marstonia gaddisorum sp. 

nov. is found in a spring in the Oconee River basis in central Georgia. Marstonia angulobasis sp. nov. is found in 

isolated sections of the Paint Rock River in northern Alabama. Their relationships within the genus Marstonia are 

discussed. 

INTRODUCTION 

Recent surveys for freshwater snails along various rivers 

in the southeastern United States have yielded a number 

of undescribed species. The two species of hydrobiids 

described below occur in very restricted habitats, and ap- 

parently they have very restricted distributions within 

their particular drainage systems. One is a small species 

and the other is a very small species. Because of their 

restricted deployment and their small sizes it is not sur- 

prising that they had been overlooked in previous sur- 

veys. They belong to Marstonia Baker, 1926, a genus that 

has undergone rather extensive speciation in the south- 

eastern United States (Thompson, 1977). Hershler (1994) 

reviewed the species, which were at the time placed in 

Pyrgulopsis. An additional species was described from 

the Coosa River in Alabama (Thompson, 1995). Mar- 

stonia was most recently reviewed by Thompson and 

Hershler (2002). It includes twelve species in addition to 

the two described herein. 

The abbreviation UF used to designate the depository 

for specimens signifies the Florida Museum of Natural 

History, University of Florida. 

Marstonia FE C. Baker, 1926 

Type species: Amnicola lustrica Pilsbry, 1890. 

Other included species: Marstonia agarhecta Thomp- 

son, 1970; Marstonia arga Thompson, 1977; Marstonia 

castor Thompson, 1977; Marstonia comalensis (Pilsbry 

& Ferriss, 1906) (originally Amnicola comalensis Pilsbry 

& Ferriss, 1906); Marstonia halcyon Thompson, 1977, 

Marstonia hershleri (Thompson, 1995) (originally Pyr- 

gulopsis hershleri Thompson, 1995); Marstonia letsoni 

(Walker, 1901) (originally Amnicola letsoni Walker, 

1901); Marstonia ogmorhaphe Thompson, 1977; Mar- 

stonia olivacea (Pilsbry, 1895) (originally Amnicola oli- 

vacea Pilsbry, 1895); Marstonia ozarkensis (Hinkley, 

1915) (originally Pyrgulopsis ozarkensis Hinkley, 1915); 

Marstonia_pachyta Thompson, 1977; Marstonia scalari- 

formis (Wolf, 1869) (originally Pyrgula_ scalariformis 

Wolf, 1869). 

Marstonia gaddisorum sp. nov. 

Diagnosis: Shell moderate-sized for the genus; up to 3.5 

mm long; broadly ovate conical in shape, with up to 4.5 

whorls that are uniformly rounded and are separated by 

a deeply impressed suture; openly umbilicate; peristome 

complete across parietal margin. Penis simple, nearly uni- 

formly wide and with a single gland located on the ter- 

minal lobe. Penis filament extending beyond terminal 

lobe. 

Shell (Figures 1, 3-8): Light gray with a yellowish tinge. 

Small, 2.8—3.5 mm in length; broadly conical-ovate in 

shape; 0.68—0.77 times as wide as high. Shell wall mod- 

erately thin (Figure 8), about 60 wm thick at periphery 

of last whorl. Whorls 4.1—4.5. Protoconch consisting of 

1.5 rounded, protruding whorls which are weakly but 

clearly demarcated from the teleoconch. Whorls regularly 

increasing in size; first embryonic whorl 0.26—0.28 mm 

in diameter perpendicular to initial suture; first half whorl 

sculptured with coarse granular scales. Teleoconch whorls 

regularly increasing in size, uniformly rounded with a 

deeply impressed suture. Sculpture consisting of fine in- 

cremental striations that are continuous from suture to 

base; spiral sculpture absent. Umbilicus open and unob- 

structed by peristome. Aperture oblong-ovate in shape; 

0.78—0.91 times as wide as high; 0.40—0.45 times shell 

length; 0.48—0.57 times shell width; peristome complete 

across parietal margin; solute from previous whorl, slight- 

ly thickened along parietal wall and posterior corned, un- 

reflected; straight in lateral profile. Plane of aperture in 

lateral profile prosocline at angle of 17—22° to shell axis 

(Figure 7). 

Operculum (Figure 22): Operculum paucispiral, mem- 

branous, hyaline, light amber in color; broadly ovate in 

shape with a convex parietal margin and a bluntly pointed 

apex. Nucleus large, sub-central. Attachment scar extend- 
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Figures 1, 2. Holotypes of Marstonia. Figure 1. Marstonia 

gaddisorum sp. nov. (UF 266265). Figure 2. Marstonia angu- 

lobasis sp. nov. (UF 263300). Scale bars = 1 mm. 

ing through the nucleus. Ventral callus very weak. Outer 

surface bearing a few weak growth striation. 

Radula: N = 2. Central tooth (Figure 16) elongate-rect- 

angular in shape, lateral angle well developed, basal pro- 

cess narrow, dorsal edge deeply indented; mesocone 

pointed, with 4 ectocones on each side; lateral process of 

tooth with a single well developed and 1-2 additional 

weakly developed basocones. Lateral tooth with 2-1-4 

cusps. Inner marginal tooth with 21 cusps. Outer marginal 

with about 8—10 short acuminate cusps. 

Animal: The tip of the snout is gray. The head-nape is 

darker gray, which fades into light gray posteriorly and 

on the sides of the head-foot. The tentacles are marked 

with four or five diffuse dark stripes of concentrated me- 

lanophores that continue the length of the tentacle. The 

stripes are separated by light gray zones that are about as 

wide as the dark stripes and continue to a light gray path 

at the tip. The mantle collar bears a nearly black saddle 

heavily pigmented with melanophores. The saddle bears 

two dark arms that extend posteriorly to the stomach and 

lie along either side of the gill. The pallial gonoduct also 

is overlain by a similar dark longitudinal zone, as is the 

digestive gland. The ctenidium consists of 23—26 lamellae 

(n = 4). 

Male (Figure 21): The gray penis is stout, and almost 

rectangular in shape. It terminates along its mesad margin 

in a rather stout, blunt apical lobe that bears a single, 

relatively large, rounded apocrine gland. The laterad mar- 

gin of the penis bears a slender filament that is about half 

again the length of the apical lobe. The filament is cov- 

ered throughout most of its length by a second apocrine 

gland. The vas deferens is relatively slender and lies 

along the laterad margin. It is slightly convoluted along 

basal half. 

Female (Figure 23): The bursa copulatrix is long, narrow 
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and horizontal, hardly distinguishable from its short duct. 

It joins the oviduct by a short duct anterior to the pallial 

wall. The bursa copulatrix is imbedded within the albu- 

men gland along the anterior first half of its length; the 

posterior half is impressed into the mesad surface of the 

albumen gland, but is exposed and slightly overlaps the 

posterior end. The oviduct forms a single vertical coil 

beside the albumen gland. The seminal receptacle is rel- 

atively large and uniform. It lies parallel to and near the 

middle of the ventral edge of the albumen gland. 

Type locality: GEORGIA, Laurens County, Rock 

Springs; 32°24.2’N, 82°49.0’'W. Holotype: UF 266265; 

collected 10 October, 1996 by Fred G. Thompson and 

Elizabeth L. Mihalcik. Paratypes: UF 267632 (ca. 1000), 

UF 306538 (SEM shell specimens); same data as the ho- 

lotype. Other specimens: UF 266266; same data as the 

holotype (anatomical specimens preserved in 70% etha- 

nol). 

Rock Springs is located along the west side of the Oco- 

nee River, about 9 miles (ca. 14.5 km) southeast of Dub- 

lin. It is reached by driving ca. 1.5 miles (2.4 km) south- 

east of the intersection of Georgia Hwy. 19 and Rock 

Spring Road, and then 0.7 miles (1.1 km) east on Lucian 

Drive, which ends at the spring. The spring is partially 

impounded by an earthen dam along its north side to form 

a large swimming pool. The spring is on private property. 

Access was provided by Richard Marshall Gaddis. 

Distribution: The species in known only from the type 

locality. Numerous stream habitats were sampled in Lau- 

rens County and adjacent counties, but no other popula- 

tions were found. 

Habitat: This species was found on clumps of submerged 

mosses attached to roots of cypress (Taxodium distichum) 

and sweetgum (Liquidambar styraciflua) growing along 

the northeast edge of the pool next to the spring dis- 

charge. It was abundant during two occasions in which 

we visited the spring and was associated on the mosses 

with an equally abundant undescribed species of Amni- 

cola, as well as with occasional specimens of Physella 

hendersoni (Clench, 1926). 

Remarks: The relationships of this species with the ge- 

nus Marstonia are not clear. Penial morphology suggests 

a relationship with species of the central and the north- 

central United States. The shape of the penis and the ar- 

rangements of surficial glands on it is most similar to M. 

lustrica (Pilsbry, 1890), a species widely deployed in the 

north-central United States and adjacent Canada (Thomp- 

son, 1977). The ranges of the two species are disjunct by 

nearly 800 miles. Marstonia lustrica is a much larger spe- 

cies with a more elongate shell. In penial structures Mar- 

stonia gaddisorum also resembles M. ogmorhaphe 

Thompson, 1977, found in two springs in the Sequatchee 

River basin, a tributary of the Tennessee River in south- 

central Tennessee. Marstonia ogmorhaphe 1s a large spe- 
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Figures 3-10. SEM micrographs of Marstonia shell. Figures 3-8. Marstonia gaddisorum sp. nov., PARATYPES (UF 306528). Figures 

9, 10. Marstonia angulobasis sp. nov.,. PARATYPE (UF 306527). Scale bars for Figures 3—9 = 1 mm. Scale bar for Figure 10 = 100 

pm. 
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Figures 11-17. SEM micrographs of Marstonia. Figures 11-15. Marstonia angulobasis sp. nov., PARATYPES (UF 306527). Figure 

16. Marstonia gaddisorum sp. nov., central tooth of radula (UF 266266). Figure 17. Marstonia angulobasis sp. nov., central tooth of 

radula (UF 306081). Scale bar for shells = | mm. Scale bars for radula = 10 pm. 
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Figures 18-23. Marstonia anatomy. Figure 18. Marstonia angulobasis sp. nov., penis: Figure 18a, inner view; Figure 18b, outer 

view. Figure 19. Marstonia angulobasis sp. nov., operculum. Figure 20. Marstonia angulobasis sp. nov., pallial oviduct. Figure 21. 

Marstonia gaddisorum sp. nov., penis. Figure 22. Marstonia gaddisorum sp. nov., operculum. Figure 23. Marstonia gaddisorum sp. 

nov., pallial oviduct with the oviduct separated from the albumen gland to show seminal receptacle. Scale bars = 1 mm. 
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Table | 

Shell measurements of two new species of Marstonia. Marstonia gaddisorum sp. nov. measurements based on the 

holotype (UF 26265) and fourteen paratypes (UF 267632) selected to show variation. Marstonia angulobasis sp. nov. 

Measurements based on the holotype (UF 263300) and eleven paratypes (UF 267634) selected to show variation. AH 

= aperture height, AW = aperture width, Wh = whorls, EWh = number of protoconch whorls, EW = diameter of first 

protoconch whorl, SL = standard length, SE = standard width, STD = standard deviation, Wh = whorls. 

SL SW AH AW Wh EWh EW SW/SL AH/SL AW/AH AW/SW 

M gaddisorum 

Holotype 3.2 2.4 1.6 1.3 4.5 1.5 0.26 0.74 0.48 0.83 0.53 

Paratypes 

Min. 2.8 2.1 1.4 itil 4.] — —- 0.68 0.40 0.78 0.48 

Max 3.5 2.6 1.6 1.3 4.5 — — 0.77 0.50 0.91 0.57 

Avg. 3.26 2.41 1.45 1.24 4.34 — — 0.74 0.45 0.85 0.52 

STD 0.198 0.148 0.058 0.053 0.025 — — 0.025 0.025 0.035 0.025 

M. angulobasis 

Holotype DEE 1.62 1.19 0.96 4.4 1.4 0.23 0.63 0.46 0.81 0.59 

Paratypes 

Min. 2.11 1.32 0.96 0.79 4.2 1.2 0.22 0.58 0.39 0.79 0.52 

Max 2.74 1.65 1.19 0.96 4.4 1.4 0.25 0.69 0.46 0.87 0.64 

Avg. 2.37 1.49 1.04 0.85 4.35 1.35 0.23 0.63 0.44 0.82 0.57 

STD 0.156 0.105 0.068 0.043 0.254 0.066 0.009 0.037 0.019 0.031 0.03 

cies with a shell that is even more elongate than that of 

M. lustrica and the whorls are separated by a deeply 1m- 

pressed suture. 

Among southern species Marstonia gaddisorum is 

most similar in shell appearance to M. castor Thompson, 

1977, which is found in small creeks tributary to the Flint 

River in Crisp County, Georgia. Marstonia castor is a 

much smaller species, it is not as broadly conical, and 

the parietal margin of the operculum is concave. The pe- 

nis is irregularly elongate in shape with a relatively longer 

and stouter filament. Marstonia agarhecta Thompson, 

1969, from creeks entering the Ocmulgee River in Pulaski 

County, Georgia, also is smaller than M. gaddisorum. The 

peristome is incomplete across the parietal wall, and the 

parietal margin of the operculum is concave. The penis 

is very slender with a relatively large apical lobe bearing 

a large apocrine gland, the filament also is long and stout 

and the ventral side has a small apocrine gland near its 

middle raised on a low pedicel. Marstonia halcyon 

Thompson, 1977, from the Ogeechee River in southeast- 

ern Georgia is similar in size, but is more broadly conical, 

the whorls are noticeably shouldered compared to M. 

gaddisorum, and they tend to be flattened on the side. 

The operculum is concave along the parietal margin. The 

penis is very slender with an elongate apical lobe and 

filament. It too has a small apocrine gland on the ventral 

surface near the middle raised on a small pedicel. 

Marstonia gaddisorum occurs with a similar-appearing 

species of Amnicola. Live speciments of the latter snail 

are readily distinguished by having a nearly black head- 

nape and a single broad black stripe along the tentacle. 

Etymology: This snail is named for Richard Marshall 

Gaddis and his wife Emily Gaddis, who provided field 

assistance at the time this snail was discovered. Richard 

Gaddis is known for his work in entomology. 

Marstonia angulobasis sp. nov. 

Diagnosis: A species distinguished by its minute size of 

up to 2.5 mm in length, slender, elongate in shape with 

an aperture that is less than half the length of the shell, 

and flatted whorls that are bordered at the periphery by 

a distinct angle or cord. The penis bears a terminal small 

apocrine gland, and has a long slender filament that is 

about half the length of the penis. 

Shell (Figures 2, 9-10, 11-15): Shell very small, 2.11— 

2.53 mm in length; slender, 0.58—0.69 times as wide as 

long. Light gray. Spire compactly coiled; nearly straight- 

sided, being weakly convex in outline and with a sharply 

impressed suture. Whorls 4.1—4.4, conspicuously shoul- 

dered, nearly flat-sided and bearing pronounced periph- 

eral angle which sometimes forms peripheral cord along 

last half whorl. Base of last whorl below periphery nearly 

flat to weakly rounded. Protoconch raised but flat-topped. 

First whorl 0.22—0.25 mm in diameter perpendicular to 

initial suture. First half whorl sculpture with irregular 

wavy micro-wrinkles (Figure 10). Subsequent whorls, 

smooth with occasional barely discernable incremental 

striations. Umbilical perforation narrow but distinct. Shell 

wall very thick for its size (Figure 9); about 80 ym thick 

at periphery of last whorl. Aperture ovate; about 0.79— 

0.87 times as wide as high; 0.39—0.46 times length of 
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shell. Peristome complete across parietal wall, parietal 

margin nearly straight, columellar margin uniformly in- 

dented, straight-edged. Plane of aperture vertical in lateral 

profile. Outer lip weakly but distinctly reverse-sigmoid in 

lateral view; slightly indented below shoulder and below 

periphery (Figure 15). 

Operculum (Figure 19): Thin, hyaline, elliptical—ovate 

in shape. Nucleus located about a fourth of the distance 

from the base to the apex, and about a third of the dis- 

tance from the columellar margin to the outer edge. Pa- 

rietal margin indented. 

Radula: N = 1. Central tooth (Figure 17) longate-rect- 

angular in shape; lateral angle well developed; basal pro- 

cess narrow; dorsal edge deeply indented; mesocone 

pointed and lanceolate in shape, with 4 ectocones on each 

side; lateral process of tooth with a single well developed 

and 1-2 additional weakly developed basocones. Lateral 

tooth with 3-1-4 cusps. Inner marginal tooth with 14 

cusps. Outer marginal with 17 long acuminate cusps. 

Animal: The head-foot is uniformly pale. Most speci- 

mens have a narrow, dark pigmented margin along the 

opercular lobe. The mantel collar usually is strongly pig- 

mented with melanophores. The pallial roof, stomach and 

visceral coil usually are covered with diffuse dark pig- 

ment. In some specimens the pigment may be reduced to 

isolated blotches, or be entirely absent. The ctenidium has 

24 lamellae (n = 1). 

Male (Figure 18): The penis is relatively slender and 

nearly uniform in width with a slight bulge along the 

outer margin near the base. The relatively stout penis fil- 

ament extends far beyond the apex of the penis, and is 

almost half of the penis length. The filament varies from 

opaque white to dark gray. It tapers uniformly and ends 

in a blunt tip. It does not bear external glands. The vas 

deferens is slender and courses along the outer margin of 

the penis to the apex of the filament. The penis bears a 

single small apocrine gland on its distal tip. The gland is 

circular and is partially set off from the penis by being 

conspicuously constricted around its base. 

Female (Figure 20): The oviduct coil consists of a single 

twisted loop. The seminal receptacle is small and papil- 

liform, and is imbedded in the albumen gland ventral to 

the oviduct coil. The elongate, saccular bursa copulatrix 

extends to the end of the albumen gland. Its posterior half 

is exposed along the mesad surface of the albumen gland. 

The anterior half is imbedded and unites with the oviduct 

anterior to the body wall. 

Type locality: ALABAMA, Madison County, Tennessee 

River drainage, Paint Rock River, ca. 0.7 miles (1.1 km) 

east of Cedar Point Village, 34°35.9'N, 86°19.4’W. HO- 

LOTYPE: UF 263300; collected 1 September, 1996 by 

Fred G. Thompson, Harry G. Lee and Henry McCullagh. 

PARATYPES: UF 267634, UF 306081 (SEM radula) UF 
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306527 (SEM shell specimens); same data as the holo- 

type. 

Other specimens examined: ALABAMA: Madison 

County, rocky shoals in Paint Rock River, ca. 0.5 miles 

(0.8 km) upstream from Butler Mill, 34°34.9'N, 

86°18.4'W (UF 263317); Paint Rock River 4.6 miles (7.4 

km) N of Estillfork, 34°57.9'N, 86°09.2'W (UF 263289). 

Distribution: This species is known only from Paint 

Rock River from north of Estillfork near the Tennessee 

border, south to Butler Mill, near the Tennessee River. 

Habitat: At the type locality snails were collected in a 

section where the river passes through a narrow gap be- 

tween limestone outcrops. Snails were found only on 

aquatic bryophytes growing on limestone in the faster 

current. This species was found in a similar habitat farther 

downstream near Butler Mill. At the locality north of Es- 

tillfork specimens were unnoticed in the field among oth- 

er hydrobiids that were collected from various microhab- 

itats. 

On several occasions between 1970-1996 I had col- 

lected mollusks in Paint Rock River. This species was 

overlooked on previous surveys because of its very small 

size and its restricted microhabitat. In September, 1996 

Harry G. Lee, Henry McCullagh, and I conducted a sur- 

vey of the river by canoe, which allowed us to sample 

microhabitats that are not available at most places easily 

accessible by roads. 

Remarks: This is the smallest species of fluviatile snail 

known from the Tennessee River system. It is rivaled in 

its small size among eastern fluviatile snails only by Mar- 

stonia agarhecta Thompson, 1970, and M. castor Thomp- 

son, 1977. In features of shell shape it is similar to Mar- 

stonia scalariformis (Wolf, 1869), which is a much larger 

species (Hershler, 1994:80-81). 

Etymology: The name angulobasis is from the Latin an- 

gulus, an angle, and basis, a foundation or base. The 

name alludes to the distinct subperipheral angle around 

the last whorl. 
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Abstract. A new fossil site containing abundant late Pleistocene marine invertebrates was exposed during grading 

activities near the northeastern end of Upper Newport Bay, in the city of Newport Beach, Orange County, southern 

California. The site has since been destroyed but yielded an assemblage of at least 103 species, represented by 98 species 

of mollusks (54 bivalves, 43 gastropods, and one scaphopod), at least three species of arthropods (barnacles and crabs), 

and two echinoids from six spot collections. The composite assemblage from the Fletcher Jones site (Orange County 

Paleontological Collections [OCPC] localities 2601 through 2606) represents a mixed thanatocoenosis, including repre- 

sentatives from protected bay, sandy-bottom and rocky-bottom, protected to open coasts, and offshore environments. 

The percentage (12.6%) of extralimital southern species indicates warmer-water temperatures than presently exist along 

the Orange County coast. The age of the fauna (~120,000 yr) is inferred from correlation with similar, U-series dated 

faunas from the same marine terrace around Upper Newport Bay. Correlative faunas from nearby localities contain 

extralimital southern species, and date to marine oxygen-isotope (6 '8O) substage 5e. Turritella mariana Dall is reported 

as a fossil for the first time. 

INTRODUCTION AND GEOLOGIC SETTING 

During 1996 and 1997, grading operations for a new car 

dealership (Fletcher Jones Motor Cars) (Figure 1) ex- 

posed a Pleistocene marine terrace platform overlain by 

marine sediments containing a diverse marine inverte- 

brate fauna. The Fletcher Jones site (now destroyed) was 

a roughly triangular area of about eight acres, between 

Jamboree Road, Bristol Drive and San Diego Creek, at 

the northeast end of Upper Newport Bay, in the city of 

Newport Beach, Orange County, southern California 

(Figure 1). The Fletcher Jones site and Upper Newport 

Bay occupy an erosional water gap between the tectoni- 

cally rising San Joaquin Hills and Newport Mesa. Emer- 

gent marine terraces in the northern San Joaquin Hills 

have been dated by **U/**°Th analysis of solitary corals 

(Grant et al., 1999) and other methods (Barrie et al., 

1992). The marine terrace at the Fletcher Jones site is 

mapped as correlative with the second emergent marine 

terrace (terrace 2) around the San Joaquin Hills (Grant et 

al., 1999). 

Upper Pleistocene marine deposits and assorted inver- 

tebrate faunas are well known around Newport Bay (see 

Watts, 1900; Arnold, 1903; Bruff, 1946; Hoskins, 1957; 

Kanakoff and Emerson, 1959; Mount, 1981; Peska, 1975, 

1976, 1984; Powell, 2001). Most of these reports deal 

with the warm-water fauna from the second terrace 

(Watts, 1900 [in part]; Arnold, 1903; Bruff, 1946 [in 

part]; Hoskins, 1957; Kanakoff and Emerson, 1959; 

Mount, 1981; Peska, 1975, 1976, 1984), whereas only a 

few deal with the cooler-water fauna from the lower and 

younger first terrace (Watts, 1900 [in part]; Bruff, 1946 

[in part]; Powell, 2001). The Fletcher Jones site lies on 

the higher, older terrace and contains a warm-water fauna. 

A composite stratigraphic section (Figure 2) consists 

of a basal marine siltstone unit questionably referred to 

as the Niguel Formation (unit Tn) (Morton & Miller, 

1981) or the Tertiary Unnamed sandstone (Tus) of Vedder 

and others (1957), overlain by upper Pleistocene marine 

deposits, fluvial channel deposits, and Holocene (?) al- 

luvium. The contact between the Niguel Formation (7?) 

and marine terrace sediments is an erosional unconfor- 

mity, interpreted as a wave-cut platform, at an elevation 

of about 7 m (22.5’) above sea level. The overlying sed- 

iment consists of a marine terrace deposit (Qt) that grades 

from a silty mudstone near the base to a cross-bedded, 

moderately well sorted, unconsolidated sand near the top. 

A bryozoan biorudite and shell lenses are present in this 

unit between 7.4 m and 9.5 m elevation (24—31’). The 

marine terrace sediments (Qt) are overlain and cut into 

by fluvial channel deposits (unit Qc) consisting of uncon- 

solidated silty sand, with associated overbank deposits 

(Qob) composed of unconsolidated muddy silt and sand. 
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Figure |. A. Locality map showing location of the eight-acre parcel developed for Fletcher Jones Motors Cars. This parcel is bounded 

on the west by Jamboree Road, on the northeast by the San Joaquin Hills Transportation Corridor (Highway 73), and on the south by 

where Bayview Way would project if it extended past Jamboree Road, north of San Diego Creek (covered), in the city of Newport 

Beach near the northeast end of Upper Newport Bay, and the approximate position of OCPC localities 2601 through 2606 (Table 1) in 

the parcel. B. Shows the general location of the Fletcher Jones site in relation to other late Pleistocene fossil localities in the Newport 

Bay area (indicated by small pectens). Other fossil localities mentioned in text are named 



C. L. Powell II et al., 2004 

16 

Page 185 

12.5 

Qob 

Elevation (meters above mean sea level) 

S 

 XOCPC loc. 2605 Upper Pleistocene 
terrace deposits 

oe OCPC loc. 2603 

5 

Figure 2. Composite stratigraphic section of the Fletcher Jones site. Abbreviations are: Tn—Silty mudstone, questionably referred to 

the Pliocene “‘Niguel’’? Formation (see text); Qt—marine terrace bay deposit, Pleistocene; Qc—fluvial channel, Pleistocene?; Qob— 

overbank deposits, Pleistocene?; Qal—alluvium, Holocene; Qs—topsoil, Holocene. OCPC locality 2603 includes the entire unit Qt. 

OCPC localities 2604 and 2605 refer to separate shelly lag deposits within unit Qt. The scale is meters above mean sea level and starts 

at the lowest exposure. 

Both Qc and Qob are overlain by colluvium and alluvium 

(unit Qal) to an elevation of about 16.5 m (54 ft), on 

which a soil (unit Qs) has developed. 

PALEONTOLOGIC DISCUSSION 

Fauna 

A fauna of at least 103 invertebrate species represented 

by 98 species of mollusks (54 bivalves, 43 gastropods, 

and one scaphopod), at least three species of arthropods 

(crabs and barnacles), and two echinoids were recovered. 

The species represent a mixed thanatocoenosis derived 

from several nearshore marine habitats. Most of the bi- 

valves are represented by single valves, many with at- 

tached epibionts, although some specimens were articu- 

lated. 

With the exception of the bulk sediment sample from 

OCPC locality 2601, all collections from the Fletcher 

Jones site are dominated by large, well-preserved, high- 

graded shells recovered during paleo-salvage operations. 

Most of the smaller species obtained are from a bulk sed- 

iment sample (OCPC locality 2601) from the major shell 

bed in unit Qt. This sample yielded a significant number 

of smaller species not recovered elsewhere. Because most 

of the collections were high-graded during collection and 

are from the same deposit, we combine all the collections 

for paleoenvironmental analysis, although the collections 

are listed separately in Table 1. 

Of note at the Fletcher Jones site are a few particularly 

large specimens of the venerid bivalves Chione cortezi 

Carpenter to 84.3 mm and C. gnidia Broderip & Sowerby 

to 129.7 mm. The largest specimens here are larger than 

the maximum size for these species reported by Keen 

(1971). A single broken specimen of Turritella mariana 

about 75.5 mm long compares well with modern speci- 

mens at the California Academy of Sciences. This spec- 

imen, if correctly identified, is the first fossil record of 

this species. 

Paleoenvironment Reconstruction 

Species from four broad habitats are present from the 

Fletcher Jones site: (1) sandy, intertidal to shallow-sub- 

tidal, bay; (2) sandy, intertidal to shallow-subtidal, coast; 

(3) rocky, intertidal to shallow-subtidal, coast; and (4) 

muddy to sandy, deeper subtidal, coast. Molluscan spe- 

cies characteristic of the sandy, intertidal to shallow-sub- 
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tidal bays include the bivalve Ostrea conchaphila Car- 

penter, which attaches to hard substrates, Donax califor- 

nica Conrad, and the gastropods Bulla gouldiana Pilsbry, 

Cerithidea californica Conrad, Crucibulum spinosum 

(Sowerby), and Nassarius tegula (Reeve). These species 

are common in protected bays from the high intertidal 

zone [Cerithidea californica] to shallow subtidal water 

depths. Mollusks characteristic of sandy, intertidal to 

shallow subtidal coasts include the bivalves Amiantis cal- 

losa (Conrad), Donax gouldii Dall, and the gastropods 

Conus californicus Reeve, and Olivella spp. Overlapping 

depth ranges suggest water depths no deeper than 20 m 

[Amiantis callosa (Conrad)] and possibly shallower. Mol- 

lusks that represent rock, intertidal to shallow-subtidal 

coasts include the bivalves Crassadoma gigantea (Gray), 

Pseudochama exogyra (Conrad), and the gastropods 

Acanthinucella spirata (Blainville), ““Collisella” scabra 

(Gould), Astraea undosa (Wood), Zonaria spadicea 

(Swainson), and Tegula spp. These species are commonly 

found together at intertidal to shallow subtidal water 

depths. Lastly, mollusks characteristic of the deeper water 

depths include the bivalves Dosinia ponderosa (Schu- 

macher), Nucula exigua Sowerby, Tellina meropsis Dall, 

and the scaphopod Dentalium neohexagonum Sharp and 

Pilsbry, which together suggest water depths between 10 

and 50 m on an open coast. 

Judging from the abundance of specific taxa and the 

sediments in which the fauna was preserved, deposition 

most likely took place in a semi-protected, shallow (<5 

m), sandy environment adjacent to, or within a bay, sim- 

ilar to Outer Newport Bay today. Rocky-shore and deep- 

er-water species were probably washed in by storm 

waves. 

CORRELATION AND AGE 

Dating Quaternary faunas may be difficult because of 

their modern aspect and similar zoogeographic aspects of 

faunas of different ages. Because all the species in the 

Fletcher Jones fauna are extant, they probably indicate a 

middle to late Pleistocene age. In addition, the Fletcher 

Jones site contains 12.6% southern extralimital species, 

which indicates correlation with an interglacial sea-level 

highstand deposit. Highstand deposits in southern Cali- 

fornia date to 80,000—85,000 yr (oxygen isotope (6 !8O) 

substage 5a), 100,000—105,000 yr (substage 5c), 

120,000—130,000 yr (substage 5e), 200,000—220,000 yr 

(stage 7), ~320,000 yr (stage 9) and older (Lajoie et al., 

1991; Ponti et al., 1991). Los Angeles Basin highstand 

deposits younger than those of substage Se do not contain 

extralimital southern species, but typically contain an el- 

ement of extralimital northern species indicative of cool- 

er-water paleoclimate conditions that are found today off 

the adjacent coast (Kennedy et al., 1982; Kennedy, 2000; 

Powell et al., 2000). Therefore, the Fletcher Jones fauna 

is inferred to be older than or equal to substage Se 
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(=125,000 yr), probably younger than early Pleistocene 

(<730,000 yr), and was deposited during an interglacial 

sea-level highstand deposit. 

Kanakoff and Emerson (1959) described a large fauna 

(n = 427 species of mollusks) nearby along Upper New- 

port Bay (Natural History Museum of Los Angeles Coun- 

ty, Invertebrate Paleontology [LACMIP] locality 66-2) 

that contains 9.6% extralimital southern species. The per- 

centage of southern extralimital species from LACMIP 

loc. 66-2 is similar to that from the Fletcher Jones site 

(12.6%) and both correspond to the typical 10%—15% 

southern extralimital species from deposits attributed to 

substage Se (G. Kennedy, written communication, 2003). 

In addition, all of the species reported here (Table 1), with 

the exception of Turitella mariana Dall, have also been 

reported by Kanakoff and Emerson (1959) from LACMIP 

loc. 66-2. The similar faunas further supports correlation 

of the two sites originally suggested by Grant et al. (1999) 

on geomorphic grounds. 

Among the deeper water species in the southern extra- 

limital bivalve Dosinia ponterosa, whose modern depth 

range is from 50 to 80 m (Bernard, 1983). This occur- 

rence indicates warmer water temperatures offshore and 

not restricted to protected environments as has been sug- 

gested for similar southern extralimital species in the 

southern California Pleistocene (i.e., Grant & Gale, 

1931). Similar faunas showing species from several en- 

vironments, including some deeper water, southern extra- 

limital species, have been recognized at Bixby Slough in 

Torrance, Los Angeles County (Powell, unpublished data) 

and from the second (7?) terrace in San Pedro (Chace, 

1966). 

The difference in the elevation of the marine terrace 

platform at LACMIP loc. 66-2 [20 m (Kanakoff and Em- 

erson, 1959)] and the Fletcher Jones site (approx. 7 m) 

may be explained by their distance form the original 

shorelines, tectonic uplift of the San Joaquin Hills, and/ 

or anticlinal folding along a northwest trending fold axis 

(Stevenson & Emery, 1958; Grant et al., 1999). The plat- 

form of terrace 2 slopes away from the San Joaquin Hills 

and approximately toward the Fletcher Jones site (Grant, 

unpublished data) similar to those of other terrace plat- 

forms in the area (Barrie et al., 1992). If this is because 

of the original position of the two sites with respect to 

the Pleistocene shoreline or tectonic uplift, or both, is 

unclear. But in both cases the platform elevation at LAC- 

MIP 66-2 should be higher than at the Fletcher Jones site. 

In addition, late Pleistocene faulting near the head of Up- 

per Newport Bay (Grant et al., 2000) may also have dis- 

placed the terrace platform and contributed to the differ- 

ence in elevations. 

LACMIP loc. 66-2 has been correlated with the Fletch- 

er Jones site (above) and is approximately | km northeast 

of, and is probably correlative with, LACMIP loc. 136 

and loc. FP-28 of Peska (1984) based on similar faunas 

and elevations. Grant et al. (1999) report a Uranium series 
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age of 122,000 yrs for a specimen of the solitary coral 

Paracyathus pedroensis from loc. FP-28 (Peska, 1984). 

Therefore, the best estimate of the age of the Fletcher 

Jones fauna is approximately 120,000—125,000 yr, cor- 

relative with marine oxygen isotope (6 '8O) substage Se. 

Powell (2001) described a fauna (‘“‘Newport Bay North 

1” on Figure 1B) along the southern margin of Newport 

Mesa across Pacific Coast Highway from the Lido Isle 

Reach of Newport Bay, at about an elevation of 7 m. This 

elevation is nearly identical to the elevation of the marine 

platform at the Fletcher Jones site (approx. 7 m). How- 

ever, Newport Bay North | was assigned to the first emer- 

gent terrace in the San Joaquin Hills by Grant et al. 

(1999), based on its geomorphic position below terrace 2 

and the surface of Newport Mesa. In addition, the New- 

port Bay North | fauna contains several extralimital 

northern species (Powell, 2001). The cool-water northern 

extralimital species and geomorphic position suggest cor- 

relation with highstand deposits younger than substage 5e 

(Kennedy et al., 1982; Kennedy, 2000; Powell, 2001), 

and younger than the Fletcher Jones fauna. 

The Fletcher Jones fauna is similar to other faunas 

from southern California based on the mutual presence 

of southern extralimital species. Unfortunately, the oc- 

currence of extralimital southern species alone does not 

allow precise correlation. Warmer-than-present faunas ex- 

ist in outcrops correlated to marine oxygen—isotope stages 

11, 9, possibly 7, and Se (about 350,000—125,000 yr) 

(Kennedy et al., 1982; Kennedy, 2000; Powell et al., 

2000), and therefore correlation based on the zoogeo- 

graphic character alone is not precise. But coupled with 

geomorphic data the Fletcher Jones site is correlated with 

other fossil localities around Upper Newport Bay that are 

dated to substage 5e (about 125,000 yr). 

CONCLUSION 

A late Pleistocene fauna from the Fletcher Jones site near 

the northeastern end of Upper Newport Bay, Newport 

Beach, Orange County, southern California, yielded an 

assemblage of at least 103 species consisting of 98 spe- 

cies of mollusks, at least three species of arthropods, and 

two echinoids from six spot collections. The composite 

fauna represents a mixed thanatocoenosis, with represen- 

tatives from protected bay, sandy- and rocky-bottom, pro- 

tected to open coasts, and offshore environments. The 

fauna includes 12.6% extralimital southern species, indi- 

cating warmer-water temperatures than present. All of the 

extralimital southern species are common in shallow 

bays, where warmer water conditions might exist, except 

the bivalve Dosinia ponderosa. Dosinia ponderosa is re- 

ported living offshore (Keen, 1971; Bernard, 1983), and 

occurrence of well-preserved specimens suggests warm- 

er-water conditions offshore also. Of interest from the 

Fletcher Jones fauna is Turritella mariana, which is re- 

ported as a fossil for the first time, and a few venerid 
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bivalves attaining a large size; in particularly Chione cor- 

tezi to 84.3 mm and C. gnidia to 129.7 mm. 

The age of the Fletcher Jones fauna can be inferred 

from correlation with that from LACMIP loc. 136, which 

also contains extralimital southern species and is dated to 

about 125,000 yr, corresponding with marine oxygen-iso- 

tope (6 '*O) substage Se. 
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APPENDIX—LOCALITY DESCRIPTIONS 

The specimens used in this study are deposited at the 

Orange County paleontology curation facility (OCPC), 

currently located at 1119 East Chestnut Street, Santa Ana, 

California 92701. 

OCPC 2601. Sample from shelly layer approximately 12’ 

(3.7 m) below the top of the geomorphic terrace, which 

may have been disturbed by grading prior to sampling. 

the shelly sand layer is at an elevation of approximately 

32-33 feet (~10 m) in a graded cut on the southwest 

side of an eight-acre parcel being developed for Fletch- 

er Jones Motors Cars. this parcel is bounded on the 

west by Jamboree Road, on the northeast by the San 

Joaquin Hills Transportation Corridor (Highway 73), 

and on the south by where Bayview Way would project 

if it extended past Jamboree Road, north of San Diego 

Creek (covered), in the city of Newport Beach near the 

northeast end of Upper Newport Bay, Orange County, 

California. Collected by Lisa B. Grant, 14 December 

1995, field no. LG-95-12-14C. 

OCPC 2602. Samples collected from coarse sand with 

highly compacted, olive to brown, mottled, mud, rip- 

up clasts at the contact between the “‘Niguel’’? Forma- 

tion and overlying Pleistocene deposits. This locality 

is at an elevation of about 22.5’ (7 m), and is located 

about 160’ (49 m) east of Jamboree Road, north of the 

intersection of Jamboree Road and Bayview Way, city 

of Newport Beach near the northeast end of Upper 

Newport Bay, Orange County, California. Collected by 

S. E. Clay [field no. SEC-FJ-04-10-96-01 (Bed 01)]; 

L. L. Sample, and D. Alexander, 10 April 1996; and P. 

H. Dorsey on 5 August 1996 [field no. PHD-8-5-96-1]. 

OCPC 2603. Samples from locally cross-bedded, loosely 

compacted, white to gray, sand bed extending from 

22.5' (6.8 m) to 37’ (11.2 m) above sea level and con- 

tains concentrated shells lenses up to 2’ (0.6 m) thick. 

Entire bed generally composed of locally cross-bedded, 

loosely compacted, white to gray sand. This locality is 

located about 260’ (79 m) east of Jamboree Road, north 

of the intersection of Jamboree Road and Bayview Way 

and slightly northwest of OCPC 2602, city of Newport 

Beach near the northeast end of Upper Newport Bay, 

Orange County, California. Collected by L. L. Sample 

[field no. LLS-FJ-02-27-96-04 (Bed 04)], S. E. Clay, 

S. W. Conkling, D. Alexander, G. King, and P. H. Dor- 

sey, 25 March 1996; and P. Dorsey [field no. PHD-10- 

24-96?-5] 24 October 1996. 

OCPC 2604. Sample from massive, loosely compacted, 

white sand at 31’ (9.5 m) elevation about 240’ (73 m) 

east of Jamboree Road, north of the intersection of 

Jamboree Road and Bayview Way and slightly north- 

east of OCPC 2603, city of Newport Beach near the 

northeast end of Upper Newport Bay, Orange County, 

California. Collected by L. L. Sample [field no. LLS- 

FJ-02-27-96-04A (Bed 4A)], S. W. Conkling, S. E. 

Clay, and D. Alexander, 27 February 1996. 

OCPC 2605. Sample from fine-grained, loosely compact- 

ed, white to gray, sand at an elevation of 29.5’ (9 m) 

located about 280’ (85 m) east of Jamboree Road, north 

of the intersection of Jamboree Road and Bayview Way 

and east of OCPC 2604, city of Newport Beach near 

the northeast end of Upper Newport Bay, Orange 

County, California. Collected by L. L. Sample [field 

no. LLS-FJ-02-30-96-4B (Bed 4B)], S. E. Clay, and S. 

W. Conkling, 30 February 1996. 

OCPC 2606. Float collected in an eight-acre parcel de- 
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veloped for Fletcher Jones Motors Cars. This parcel is 

bounded on the west by Jamboree Road, on the north- 

east by the San Joaquin Hills Transportation Corridor 

(Highway 73), and on the south by where Bayview 

Way would project if it extended past Jamboree Road, 
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north of San Diego Creek (covered), in the city of 

Newport Beach near the northeast end of Upper New- 

port Bay, Orange County, California. collected by S. 

E. Clay [field nos. SEC-FJ-01-29-96-01 and SEC-FJ- 

07-08-96-01], L. L. Sample and P. H. Dorsey. 



THE VELIGER 
© CMS, Inc., 2004 

The Veliger 47(3):193-201 (March 16, 2005) 

New Records and New Species of Vetulonia Dall, 1913 and Brookula 

Iredale, 1912 from Brazil (Gastropoda: Trochidae) 

Ricardo Silva Absalao!? AND Alexandre Dias Pimenta? 

' Departamento de Biologia Animal e Vegetal, Instituto de Biologia, Universidade do Estado do Rio de Janeiro, 

Avenida Sao Francisco Xavier 524, Maracana, Rio de Janeiro, RJ, Brazil, CEP 20550-900. 

E-mail: absalao@hotmail.com 

> Departamento de Zoologia, Instituto de Biologia, Universidade Federal do Rio de Janeiro. Rio de Janeiro, RJ, CEP: 

21941-570, Brazil. E-mail: alexpim @ biologia.ufrj.br 

Abstract. The genus Vetulonia Dall, 1913 is reported for the first time from South America, on the basis of specimens 

of Vetulonia jeffreysi Dall, 1917 and Vetulonia parajeffreysi sp. nov. collected off Rio de Janeiro State in southern 

Brazil. Vetulonia parajeffreysi sp. nov. resembles V. jeffreysi, from which it differs in its small protoconch which is not 

projected beyond the first teleoconch whorl. Vetulonia parajeffreysi differs from Vetulonia densilirata Dall, 1927 in the 

aperture shape and the number of axial ribs. Three new species of Brookula from Brazil are described: Brookula 

megaumbilicata sp. nov., which differs from all other South American species of Brookula in its wide and deep umbilicus 

and shouldered axial ribs close to the sutures; Brookula proseila sp. nov., which differs from Brookula conica (Watson, 

1886) by the presence of spiral cords entering the umbilicus; and Brookula olearia, with a somewhat angulate last whorl, 

spiral revolving cords regularly spaced not crossing axial ribs, thicker and closely packed in the base and with thick 

spiral cords surounding umbilicus. A key for identification of the Brazilian species of Brookula is presented. 

INTRODUCTION 

The Brazilian species of the genus Brookula Iredale, 1912 

were recently reviewed by Absalao et al. (2001), who 

recognized three species: Brookula conica (Watson, 

1886), Brookula pfefferi Powell, 1951 and Brookula spi- 

nulata Absalao, Myiaji & Pimenta, 2001. Some time after 

publishing that paper, we gained access to some speci- 

mens collected in northeast and southeast coasts off Bra- 

zil, which included three additional, undescribed species 

of Brookula, as well as two species of the genus Vetu- 

lonia Dall, 1913. 

This report is based entirely on empty shells collected 

during oceanographic expeditions conducted in 2001 and 

2002 by the Brazilian Government (Programa REVIZEE) 

and Petrobras—Brazilian Petroleum Company (Campos 

Basin Deepsea Environmental Programme) off the south- 

east and northeast coast of Brazil. 

In the lists of material examined, the numbers in brack- 

ets refer to the number of shells in each lot. Counting of 

protoconch whorls followed the method used by Leal 

(1991). 

Abbreviations used through the text: ANSP—Academy 

of Natural Sciences of Philadelphia, Philadelphia; 

BMNH—tThe Natural History Musuem, London; CEN- 

PES—Centro de Pesquisas da Petrobras; DOUFPE—De- 

partamento de Oceanografia, Universidade Federal de 

Pernambuco, Recife; IBUFRJ—Instituto de Biologia, 

Universidade Federal do Rio de Janeiro, Rio de Janeiro; 

MCZ—Museum of Comparative Zoology, Harvard: 

MLP—Museu de LaPlata, LaPlata; MNHN—Muséum 

National d’ Histoire Naturelle, Paris; MNRJ—Museu Na- 

cional/Universidade Federal do Rio de Janeiro, Rio de 

Janeiro; MORG—Museu Oceanografico “‘Eliézer de Car- 

valho Rios’? da Fundagao Oceanografica do Rio Grande, 

Rio Grande; MZSP—Museu de Zoologia, Universidade 

de Sao Paulo, Sao Paulo; Programa REVIZEE—Recursos 

Vivos da Zona Econdémica Exclusiva, Astro Garoupa 

coll.; UERJ—Universidade do Estado do Rio de Janeiro; 

USNM—United States National Museum of Natural His- 

tory, Washington, DC; sta—collecting stations numbers. 

SYSTEMATICS 

Superfamily TROCHOIDEA Rafinesque, 1815 

Family TROCHIDAE Rafinesque, 1815 

Subfamily Calliotropiinae Hickman & McLean, 

1990 

Genus Vetulonia Dall, 1913 

Vetulonia Dall, 1913: 86. Type species by original desig- 

nation: Vetulonia galapagana Dall, 1913: 87 (holotype 

photograph in Warén & Bouchet, 1993: fig. 7c). 

Diagnosis: Shell small, turbinate, thin, umbilicate. Pro- 

toconch globose with irregular wart-like concretions. Ax- 

ial ribs strictly opisthocline, crossed by less developed 
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spiral threads. Suture deep. Aperture subquadrangular; 

peristome interrupted by the body whorl. 

Vetulonia jeffreysi Dall, 1917 

Figures 1, 2 

Trochus cancellatus Jeffreys, 1883: 96, pl. 20, fig. 4. 

Vetulonia jeffreysi Dall, 1913: 87 (nomen novum pro Tro- 

chus cancellatus Jeffreys, 1883 non Munster, 1842). 

Vetulonia josephinae Dall, 1927: 120 (nomen novum pro 

Trochus cancellatus Jeffreys, 1883 non Roemer, 1835). 

Type material: Presumably in BMNH; not examined. 

Type locality: Josephine Bank, 600-800 m. Around 

36°N, 14°W (off Portugal, Northeast Atlantic). 

Material examined: [IBUFRJ 12737, [1] Bahia State, 

REVIZEE sta 4 (14°48'30"S, 38°55’W, 250 m), 02/vii/ 

2001. 

Vetulonia parajeffreysi sp. nov. 

Figures 3—8 

Type material: Holotype: MNRJ 9845, Bacia de Campos 

(22°38'46.64"W, 40°60'13.05”"S, 1290 m); paratypes: 

MNRJ 8912—REVIZEE sta 50 (20°50’S, 39°14’W, 1600 

m), 20/vii/2001; MORG 41061; IBUFRJ 12739—Bacia 

de Campos sta 2 (21°57'S, 39°50'03"W, 1200 m); 

MNHN—type locality; ANSP 410937—Bacia de Cam- 

pos (22°37'27.42"S, 40°40'57.95"W, 1285 m). 

Type locality: Bacia de Campos (22°38'46.64’W, 

40°60'13.05”S, 1290 m), Rio de Janeiro State, southeast 

of Brazil. 

Additional material: IBUFRJ 12738, [1] Bacia de Cam- 

pos sta 43 (22°43'11.1"S, 40°12'17.1"W, 1157 m); IB- 

UFRJ 12734, [1] Bacia de Campos (22°38'46.64"S, 

40°60'13.05"W, 1290 m); IBUFRJ 12736, [1] REVIZEE 

sta 50 (20°50’S, 39°14'’W, 1600 m), 20/vii/2001. 

Diagnosis: Shell small, low-trochiform; protoconch 

small, not projecting beyond first teleoconch whorl; te- 

leoconch whorls convex with narrow, strongly prosocline 

ribs, expanding into the narrow and deep umbilicus; fine, 

raised spiral lines forming small nodules where they cross 

the axials. 

Description: Shell low-trochiform, reaching 2.8 mm in 

height, 3.0 mm in width; spire somewhat elevated, um- 

bilicated, color white. Protoconch small (diameter about 

260 wm), not projecting beyond shell profile. Teleoconch 

with up to three convex whorls. Axial sculpture consist- 

ing of narrow, prosocline ribs (about 18 on last whorl) 

that continue through base of shell, entering umbilicus. 

Spiral sculpture consisting of about 12 fine, regularly 

spaced ribs on last whorl, through interspaces and over 

axial ribs forming small nodules where they cross the 

axials, especially on the base. Aperture rounded, peri- 
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stome interrupted by last whorl. Umbilicus narrow and 

deep. Outer lip thin. 

Etymology: The species is named after its similarity to 

Vetulonia jeffreysi Dall, 1917. 

Subfamily Eucyclinae Koken, 1897 

Genus Brookula Iredale, 1912 

Brookula Iredale, 1912: 219. Type species by original des- 

ignation: Brookula stibarochila \redale, 1912: 220 (ho- 

lotype photograph in Clarke 1961: pl. 1, fig. 5). 

Diagnosis: Shell small, globose-turbinate, thin, umbili- 

cate, with inflated whorls. Protoconch smooth or sculp- 

tured with anastomosing ribs forming microscopic pits or 

with irregular wart-like concretions. Axial sculpture dom- 

inant; raised spiral sculpture well-defined, but weaker, in 

some species overriding and forming beads at intersec- 

tions with axial ribs; fine incremental growth lines are 

present. Suture deeply constricted. Aperture rounded, 

slightly oblique, with a slightly thickened lip and com- 

plete peritreme. 

Brookula megaumbilicata sp. nov. 

Figures 11-16 

Type material: Holotype: MNRJ 9626; paratypes: MZSP 

36359 (two shells); IBUFRJ 13562 (one shell); ANSP 

410938 (one shell); MNHN (one shell); MORG 41062 

(one shell)—type locality; MNRJ 9627 (two shells); 

MNRJ 9844 (seven shells); IBUFRJ 12744 (eight shells); 

IBUFRJ 12735 (two shells)—Bacia de Campos sta 41 

(22°39'28.1"S, 40°08'27"W, 1222 m). 

Type locality: Bacia de Campos sta 2 (21°57’S, 

39°50'03”"W, 1200 m): Rio de Janeiro State, southeast of 

Brazil. 

Additional material: IBUFRJ 12743, [3] Bacia de Cam- 

pos sta 2 (21°57'S, 39°50'03”W, 1200 m); IBUFRJ 12745, 

[2] Bacia de Campos sta 42 (22°41'33.2”S, 40°10'29.6’W, 

1195 m). 

Diagnosis: Shell small, low-trochiform; axial ribs some- 

what angulate below suture and on base; thin spiral re- 

volving cords, regularly spaced, not crossing axial ribs 

and absent in band below suture and surrounding the very 

deep and wide umbilicus. 

Description: Shell small, low-trochiform, broadly umbil- 

icate, color white; reaching 1.54 mm in height, 1.52 mm 

in width. Protoconch globose with about 1%4 whorls, 

around 190 4m in diameter sculptured with fine, densely 

crowded anastomosing ribs forming microscopic pits in 

a somewhat alveolar pattern. Teleoconch with up to 1% 

whorls, with convex profiles. Suture deep. Axial sculpture 

consisting of narrow, orthocline ribs (27 on last whorl in 

holotype) that continue through base of shell, entering 
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Figures 1-10. Genus Vetulonia: Figs. 1, 2: Vetulonia jeffreysi Dall, 1917. 1: IBUFRJ 12737, apertural view (width 3.75 mm); 2: 

protoconch in frontal view. Figures 3—8: Vetulonia parajeffreysi sp. nov.: 3: apertural view (width 3.13 mm) (holotype); 4: apical view 

(width 3.00 mm) (paratype IBUFRJ); 5: protoconch in frontal view (holotype); 6: protoconch in apical view (paratype IBUFRJ); 7: 

basal view (width 3.20 mm) (paratype MNHN); 8: apertural view (USNM 94312) (3.00 mm width). Figures 9-10: Vetulonia densilirata 

(holotype, USNM 108116). 9. apertural view (width 3.00 mm); 10. protoconch in apical view. Scale bars: 100 wm. 
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Figures 11-16. Brookula megaumbilicata sp. nov.: 11. holotype, MNRJ 9626 (width 1.00 mm), apertural view; 12. paratype, MNRJ 

9844 (width 1.00 mm), basal view; 13. paratype, MORG 41062 (width 0.75 mm), apical view; 14. paratype (IBUFRJ 13562), detail of 

sculpture and umbilicus; 15. paratype (IBUFRJ 13562), protoconch in frontal view; 16. paratype (MORG 41062), protoconch in apical 

view. Scale bars: 100 ym. 

Figures 17-18. Brookula conica (Watson, 1886): 17. MZSP 32945 (width 0.71 mm), frontal view; 18. MZSP 32495, basal view (width 

0,74 mm). 

wide umbilicus; axial ribs somewhat angulate below su- 

ture, giving rise to a lamellar shoulder, and on base of 

last whorl; microscopic axial lines present through inter- 

spaces. Spiral sculpture of 22 (last whorl + base) prom- 

inent, thin, regularly spaced, revolving cords that do not 

cross the axial ribs; absent in plain band below suture and 

surrounding umbilicus. Aperture rounded holostomate. 

Umbilicus wide and deep, bases of all teleoconch whorls 

visible. Outer lip thin. 

Etymology: This species’ name derives from: mega (Lat- 

in) = large + umbilicata (Latin) = with an umbilicus; 

referring to the wide umbilicus of the species. 

Brookula proseila sp. nov. 

Figures 19—24 

Type material: Holotype: MNRJ 9956; paratypes (one 

shell in each lot): IBUFRJ 12746; MNHN; ANSP 
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Figures 19-24. Brookula proseila sp. nov.: 19-22. holotype, MNRJ 9956 (width 1.74 mm). 19. apertural view; 20. basal view; 21. 

detail of sculpture on last whorl; 22. detail of sculpture on umbilicus region; 23, 24. paratype IBUFRJ 12746. 23. apical view (width 

1.57 mm); 24. protoconch in apical view. 

Figure 25. Brookula pfefferi Powell, 1951: MZSP 32506 (width 1.25 mm). 

Figures 26, 27. Brookula spinulata Absalao, Miyaji & Pimenta, 2001: IBUFRJ 13827. 17. apertural view (width 1.20 mm), 18. basal 

view. Scale bars: 200 wm. 

411189; MZSP 37822; MORG 41065; DOUFPE 4448. 

All types from type locality, except DOUFPE 4448— off 

Sergipe State sta 9.2 (11°30'08"S, 37°07'56”W, 900 m). 

Type locality: REVIZEE sta 5 (15°34.08’S, 38°49.81’'W, 

50 m), Bahia State, northeast of Brazil. 

Additional material: DOUFPE 4449, off Sergipe State 

sta 5.3 (11°24'44"S, 37°03'35"W, 500 m), 17/iv/2002; 

DOUFPE 4450, off Pernambuco State; IBUFRJ 13268, 

REVIZEE sta 5 (15°34.08’S, 38°49.81'W, 50 m), Bahia 

State, northeast of Brazil. 

Diagnosis: Shell small, low-trochiform; axial ribs some- 

what angulate below suture and on base; thin spiral re- 

volving cords, regularly spaced, not crossing axial ribs 

and absent in band below suture and surrounding the very 

deep and wide umbilicus. 
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Figures 28-35. Brookula olearia sp. nov.: 28-32. holotype, MNRJ 9958 (width 1.00 mm). 28. apertural view; 29. basal view; 30. 

detail of last whorl and base; 31. detail of sculpture on base area of last whorl; 32. protoconchs in frontal view; 33. paratype MNRJ 

9957 (width 1.16 mm) apertural view; 34, 35. paratype IBUFRJ 13863 (width 1.08 mm). 34. apical view; 35. protoconch in apical 

view. Scale bars: 100 jm. 

Description: Shell medium sized, trochiform, spire ele- 

vated, umbilicated, color white; reaching 1.91 mm in 

height, 1.67 mm in width. Protoconch globose with about 

1% whorls, around 260 zm in diameter, sculptured with 

fine, densely crowded anastomosing ribs forming micro- 

scopic pits in a somewhat alveolar pattern. Teleoconch 

with up to three whorls, with convex profiles, somewhat 

flattened posteriorly, just below the deep suture. Axial 

sculpture consisting of heavy, narrow, orthocline ribs (24 

on last whorl in holotype) that continue through base of 

shell, entering the umbilicus; interspaces wide, about 

three times rib width; very fine microscopic axial lines 

present through interspaces. Spiral sculpture of about 20 

(last whorl + base) prominent, thin, regularly spaced, re- 

volving cords that cross the axial ribs and three-four wid- 

er spiral cords entering the umbilicus. Aperture rounded 

holostomate. Umbilicus circular, narrow and deep. Outer 

lip thin. 

Etymology: This species’ name derives from: proseilos 

(Greek) = toward the sun, sunny, warm; an allusion to 

the type locality which is in shallow warm waters, in 

oposition to most of other western Atlantic Brookula spe- 

cies, which are from deep and/or cold waters. 

Brookula olearia sp. nov. 

Figures 28—35 

Type material: Holotype: MNRJ 9958; paratypes: IB- 

UFRJ 13862 (eight shells), MNHN (one shell), ANSP 
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411190 (one shell), MZSP 37821 (one shell)—type lo- 

cality; MNRJ 9957; (one shell) —Bacia de Campos sta 60 

(21°52'50.445"S, 39°51'42.6"W, 1050 m); IBUFRJ 13863 
(one shell), MORG 41066 (one shell) —Bacia de Campos 

sta 45 (22°10'54.322"S, 39°52'19.432”"W, 1050 m). 

Type locality: Bacia de Campos sta 61 (21°52'51.9"S, 

39°48'11.680"W, 1350 m), Rio de Janeiro State, southeast 

of Brazil. 

Diagnosis: Shell small, low-trochiform, last whorl some- 

what algulate; axial ribs somewhat angulate below suture; 

thin spiral revolving cords, regularly spaced, not crossing 

axial ribs, thicker and closely packed in the base; umbi- 

licus somewhat wide, with thick surounding spiral cords. 

Description: Shell very small, low-trochiform, somewhat 

angulated on last whorl, umbilicated, color white; holo- 

type with 1.00 mm in width. Protoconch globose with 

about 1.25 whorls, around 200 p.m in diameter, sculptured 

with fine, densely crowded anastomosing ribs forming 

microscopic pits in a somewhat alveolar pattern. Teleo- 

conch with up to 2.5 whorls, with convex profiles, last 

whorl somewhat angulated. Axial sculpture consisting of 

heavy, narrow, somewhat opisthocline ribs and agulate 

below suture (23 on last whorl in holotype) that continue 

through base of shell, entering the umbilicus, where they 

become feeble; interspaces wide, about three times rib 

width; very fine microscopic axial lines present through 

interspaces. Spiral sculpture of about 25 (last whorl + 

base) prominent, thin, regularly spaced, revolving cords 

that do cross the axial ribs; the spiral cords on the base 

are thicker and closely packed than in the rest of the shell. 

Aperture rounded holostomate. Umbilicus circular, some- 

what wide and deep, surrounded by four cords, two of 

them entering the umbilicus. Outer lip thin. 

Etymology: This species’ name derives from: olearius 

(Latin) = of oil; referring to the petroleum rich region 

where the species were collected. 

DISCUSSION 

Clarke (1961) and Vaught (1989) placed Vetulonia as a 

subgenus of Brookula, in the Cyclostrematidae. However, 

Warén & Bouchet (1993), basing their decision on the 

radula, shell and external anatomy of Vetulonia jeffreysi 

Dall, 1917, considered Vetulonia as a distinct genus, be- 

longing to the subfamily Calliotropiinae in the Trochidae. 

Although nothing is known about the radula or the 

anatomy of the soft parts of the only Brazilian specimen 

referred herein to V. jeffreysi, its general shell shape, 

sculpture pattern and protoconch shape (Figures 1, 2) are 

very similar to the original illustration and description of 

the species, as well as to the illustration and description 

provided by Warén & Bouchet (1993: 12, figures 7d—f). 

The large, well projected, and bulbous protoconch (Figure 

2) are diagnostic features distinguishing V. jeffreysi. In 

comparison with V. jeffreysi, V. parajeffreysi has a small- 

er protoconch, almost not projected from the first teleo- 

conch whorl (Figure 5). Another species from the West- 

ern Atlantic, Vetulonia densilirata Dall, 1927 (Figures 9, 

10), has about 30 orthocline axial ribs, less marked spiral 

sculpture and an ovoid aperture, whereas V. parajeffreysi 

has fewer (about 17) and prosocline axial ribs (Figures 3, 

4, 8), stronger spiral cords and a subquadrate aperture 

(Figure 2). 

Both Vetulonia jeffreysi Dall, 1913 and Vetulonia jo- 

sephinae Dall, 1927 were proposed as new names for 

Trochus cancellatus Jeffreys, 1883 non Munster, 1842; 

non Roemer, 1835. Since the type of both names is that 

of the original taxon of Jeffreys, the two Dall names are 

objective synonyms. Although the species occurs mainly 

in the eastern Atlantic, Dall (1913) reported a specimen 

from the Yucatan Channel, Mexico (western Atlantic). In 

the collection of the U.S. National Museum of Natural 

History there is a shell (USNM 94312) (Figure 8) labeled 

as Trochus cancellatus from off Yucatan, which has a 

second label on which is written “‘Vetulonia jeffreysi 

Dall, off Yucatan.” On this second label, the word 

“‘type”’ is also indicated. However it is certainly not the 

type of V. jeffreysi, because the type locality of this spe- 

cies is Europe. The relatively high spire and depressed 

protoconch of this specimen suggest that it is a shell of 

Vetulonia parajeffreysi. 

Cyclostrema crassicostatum Strebel, 1908, a species 

described from 54°43’S, 064°08'W on the basis of a sin- 

gle shell, and sometimes regarded as a Brookula (Castel- 

lanos & Landoni, 1989; Absalao et al., 2001), is very 

similar to young specimens of V. parajeffreysi in general 

shell shape, prosocline axial ribs and in lacking any spiral 

sculpture. However, C. crassicostatum can be distin- 

guished from V. parajeffreysi by its narrower umbilicus 

and wider and lower shell. 

The systematic position of the genus Brookula is con- 

troversial. Hickman & McLean (1990) included Brookula 

in the Skeneidae, but Vaught (1989) and Rios (1994) as- 

signed it to the Cyclostrematidae. Warén (1992: 198) con- 

sidered the genus to belong to the Trochidae, because of 

the similarity of the type-species to other species of the 

Eucyclinae (sensu Hickman & McLean, 1990). However, 

Warén & Bouchet (1993) considered the position of the 

Eucyclinae, for which only fossil species were recog- 

nized, as uncertain. Hickman (1998) listed extant genera 

in this subfamily and included it in the Trochidae, but 

excluded Brookula. In the present report we have includ- 

ed the genus Brookula in the Eucyclinae, Trochidae fol- 

lowing Warén (1992) and Absalao et al. (2001). This al- 

location should be considered a provisional one untill 

more data become available. 

The most similar southwestern Atlantic species to 

Brookula megaumbilicata (Figures 11-16) is Brookula 

conica (Watson, 1886), which resembles the former spe- 

cies in size, general shell shape, protoconch morphology 
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and sculpture pattern. They can be distinguished by the 

umbilicus, which is large and deep in B. megaumbilicata 

(Figures 12, 14) and narrower in B. conica (Figure 18). 

Moreover, the axial ribs in B. megaumbilicata are more 

numerous and are unequal in height along their length, 

being taller in their apical part, giving rise to a small 

shoulder below the sutures, and in their basal part (Figure 

11); in B. conica the axial ribs are the same height along 

their entire length (Figure 17). The spiral lines in B. me- 

gaumbilicata are restricted to the interspaces between the 

axial ribs, i.e., do not cross them (Figure 14), and are 

absent in a band just below the sutures (Figure 13); while 

in B. conica the spiral lines are present through the whole 

extent of the interspaces and cross the axial ribs (Figures 

17-18). Secondarily, the species can be distinguished by 

the shorter spire of B. megaumbilicata. 

Brookula proseila is similar in its general sculpture to 

Brookula pfefferi Powell, 1951 (Figure 25) and Brookula 

spinulata Absalao, Miyaji & Pimenta, 2001 (Figures 26, 

27), differing from both species in the uniformly spaced 

spiral lines in the interspaces, including the base. In B. 

pfefferi and B. spinulata, the spiral lines are farther apart 

on the last whorl and more closely packed on the base. 

Brookula proseila is proportionally higher (ratio height x 

width = 1.09 + 0.05, n = 6) than Brookula pfefferi (ratio 

height * width = 1.01 + 0.04, n = 13, fide Absalao et 

al. (2001)). 

The holotype of Brookula lamonti Powell, 1951 is a 

shell fragment with umbilicus, aperture and part of the 

sculpture of the last whorl still visible. Unfortunately it 

is not enough to give a secure identification to Brookula 

lamonti. So, Brookula lamonti is considered as unregon- 

izable. 

Brookula proseila is very similar, in shell shape to the 

original figure of Brookula conica, but B. conica have a 

distinct umbilicus, without spiral cords and strong axial 

ribs that enter it; in B. proseila, on the other hand, the 

axial ribs do not enter the umbilicus and there are two 

surrounding cords entering the umbilicus (Figures 20, 

DD: 

Brookula olearia (Figures 28-35) is similar in size and 

general shell shape to B. megaumbilicata and B. conica, 

but its profile is somewhat angulated while B. megaum- 

bilicata (Figure 11) and B. conica (Figure 17) are more 

regularly convex. The spiral cords on the base of B. 

olearia (Figures 28, 30) are thicker and more closely 

packed than in the rest of the whorls; in B. megaumbili- 

cata (Figure 11) and B. conica (Figure 17), the spiral 

cords are uniformly spaced and of same thickness over 

all surface of the shell. The axial ribs in B. olearia are 

somewhat taller in their apical part only (Figures 28, 30, 

33), while in B. megaumbilicata the axial ribs are taller 

in both apical and basal parts (Figure 11). The umbilicus 

of B. olearia (Figure 29) is somewhat intermediary be- 

tween the narrower umbilicus of B. conica (Figure 18) 

and the wider one of B. megaumbilicata (Figure 12), but 
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only B. olearia has distinct spiral cords surrounding and 

entering it (Figures 28-30). Because of the spiral cords 

more packed on the base, B. olearia could be confounded 

with young specimens of B. pfefferi and B. spinulata: 

however, the spiral cords on the base of B. pfefferi (Figure 

25) and B. spinulata (Figures 26, 27) are as thick as in 

the rest of the shell, while in B. olearia, the cords are 

thicker in the base (Figure 28, 30); besides that, the spiral 

cords always cross the axial ribs in the base in B. pfefferi 

(Figure 25) and in B. spinulata (Figures 26, 27), while in 

B. olearia they do not cross the ribs (Figure 31). Addi- 

tionally, the umbilicus of B. olearia is wider and the cords 

surrounding it are thicker (Figures 28-30) than in those 

above-mentioned species. 

Absalao et al. (2001) described a kind of protoconch 

sculpture that is present in the three Brookula species 

from Brazil which they studied (B. conica, B. spinulata 

and B. pfefferi), consisting of very densely crowded anas- 

tomosing ribs, forming microscopic pits in a somewhat 

alveolar pattern. This kind of sculpture is also present in 

B. proseila, B. megaumbilicata and B. olearia. 

Key for the Identification of the Species of 

Brookula from Brazil 

1 Spiral lines equally spaced on last whorl, from su- 

ture to umbilical region) 2 ee 2 

— Spiral lines more closely packed on the base _. 4 

Spiral cords surrounding the umbilicus ——_— 
le AS eee Brookula proseila 

— Absence of spiral cords surrounding the umbilicus 

ii) 

3 Axial ribs with constant height through their length; 

umbilicus narrow Brookula conica 

— Axial ribs with greater height near to the suture, 

giving raise to a shoulder below each suture; um- 

bilicus very deep and wide, allowing observation 

of base of all teleoconch whorls —------------------- 

eae EAU ee Ae ae Brookula megaumbilicata 

4 Spiral cords do not cross axial ribs; spiral cords 

threkeriOn' lb aSe yee eee ea Brookula olearia 

— Spiral cords cross axial ribs; spiral cords of equal 

thickness over entire surface of shell 5 

5 Whorl profile flattened next to the sutures —--. 

a A ee ee a Le Brookula spinulata 

— Whorl profile uniformly convex __ Brookula pfefferi 
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Calyptogena (Bivalvia: Vesicomyidae) from Neogene Strata in the Joetsu 

District, Niugata Prefecture, Central Japan 
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Abstract. Four species of Calyptogena are recorded from the middle Miocene to upper Pliocene in the Joetsu district, 

Niigata Prefecture, central Japan: C. pacifica Dall, C. cf. nipponica Oinomikado & Kanehara, C. sp. A and C. sp. B. 

This is the first record of Calyptogena sp. A in this district. Calyptogena pacifica lived in lower sublittoral to bathyal 

zones while C. sp. B may have lived in the bathyal zone. A possible reason why the genus flourished in this district is 

the reducing deep water environment and methane seepage derived from the oil reservoir. 

INTRODUCTION 

The genus Calyptogena Dall, 1891 is a characteristic 

member of modern chemosynthetic communities around 

deep sea hydrothermal vents, cold seeps and whale car- 

casses (Smith et al., 1989; Sibuet & Olu, 1998; Tunni- 

cliffe et al., 1998). Cold seep Calyptogena species are 

known from both passive and active margins in the Gulf 

of Mexico (depth range 400-5000 m), the eastern Pacific 

from Oregon to Chile (450-5100 m) and the Pacific side 

of the Japanese Islands (SOO—6000 m) (Sibuet & Olu, 

1998). 

Fourteen species of Calyptogena have been found in 

23 cold seep and 17 hydrothermal vent sites around the 

Japanese Islands (Kojima, 2002; Okutani et al., 2000). 

Most of these occurrences are from forearc basins and 

trenches, and are deeper than 500 m (Higo et al., 1999; 

Okutani et al., 2000). In contrast, very few Calyptogena 

species have been found in back-arc basins. Examples 

include C. pacifica Dall, 1891 and C. rectimargo Scar- 

lato, 1981 in the Okhotsk Sea (Tiba, 1972; Scarlato, 

1981) and a number of semi-fossil specimens of Calyp- 

togena sp., off Wakkanai, on the Japan Sea side of Hok- 

kaido, in water 60—120 m deep (Mayjima, 1999; Majima 

et al., 2000). 

No living Calyptogena species has been found in the 

main part of the Japan Sea. However, the genus has ex- 

tensive fossil records in the region. In the Japan Sea bor- 

derland other than the Joetsu District, the following Ca- 

lyptogena species have been recorded from the early mid- 

dle Miocene to middle Pleistocene (Amano et al., 2001): 

C. sp., C. akanudaensis Tanaka, 1959, C. uchimuraensis 

(Kuroda, 1931), C. pacifica and C. nipponica Oinomi- 

kado & Kanehara, 1938. Their occurrences are confined 

to single localities. In contrast, many fossil records of 

Calyptogena have been recorded in the Joetsu District, 

southwestern part of Niigata Prefecture, central Japan 

(Figure |). Calyptogena pacifica is known from the upper 

Miocene Nodani Formation and the Pliocene Kawazume 

and Nadachi Formations in Joetsu City, central Joetsu 

District (Kanno et al., 1989; Amano and Kanno, 1991). 

Amano (1994) illustrated vesicomyids from the upper 

part of the Pliocene Kurokura Formation in Matsunoyama 

Town, eastern Joetsu district as C. nipponica. Ueda et al. 

(1995) reported the occurrence of Calyptogena sp. from 

the upper Miocene Ogaya Formation in Kakizaki Town, 

northeastern Joetsu district, although they did not de- 

scribe this species taxonomically. 

Recently we have collected many additional Calypto- 

gena specimens from the Neogene deposits in the Joetsu 

District including a species hitherto unknown. This paper 

summarizes all known specimens of Calyptogena in the 

Joetsu District, and discusses why they are so common 

in this area. 

LOCALITIES AnD OCCURRENCES OF 

CALYPTOGENA 

Four species of Calyptogena have been found at 16 lo- 

calities in the Joetsu District (Figure 1): Calyptogena pa- 

cifica Dall (localities AI-A7, C1), C. cf. nipponica Oi- 

nomikado & Kanehara (localities C2, El, E2), C. sp. A 

(localities A8, B1), and C. sp. B (localities C3, D1, D2). 

The localities Al, A2, A4 and A5 correspond to the lo- 

calities 4, 3, 1 and 2 of Kanno et al. (1989). The localities 

A2 and A4 are equal to the K20 and N36 of Amano and 

Kanno (1991) respectively. The locality El in Matsunoy- 

ama Town is equal to the locality K4 of Amano (1994). 
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Figure 1. Localities of Calyptogena and anticline axis (using the topographical maps of ‘“Takada-seibu,”’ 

san,” ““Kakizaki,” ““Matsunoyama Onsen,” 

The locality D1. corresponds to the locality of C. sp. by 

Ueda et al. (1995). 

Occurrences of the fossils can be grouped into four 

types as Type I-Type IV (Table 1). Type I is an occur- 

rence in which many disarticulated specimens are found 

USN A MO HANAUE 

= ge are T 

“Takada-toubu,” 

scale 1:50,000, published by Geographical Survey Institute of Japan). 

“Myoko- 

in black mudstone (locality Al). Type II contains many 

localities (A2—7, B1, Cl, C3, El) at which one or more 

articulated specimens occur in mudstone or small (<10 

cm) calcareous concretions (Figures 2A, 2C). Type III 

occurrence is seen at localities A8, C2 and E2 where 
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Table 1 

Type of occurrences of Calyptogena species in the Joetsu District. N* = Number of specimens: A, abundant. 

Most lithology Loc. Species N* 

Type I Disarticulated specimens 

Al C. pacifica A dark gray mudstone 

Type IL Articulated specimens in mudstone or small calcareous concretions 

small calcareous concretions 

dark gray pebbly mudstone 

small calcareous concretions 

small calcareous concretion 

small calcareous concretion 

A2 C. pacifica a 

A3 C. pacifica ] 

A4 C. pacifica 14 

AS C. pacifica 1 

A6 C. pacifica ] 

A7 C. pacifica ] black pebbly mudstone 

Bl C. sp. A 2 black mudstone 

Cl C. pacifica 1 black mudstone 

C3 C. sp. B 1 black mudstone 

El C. cf. nipponica 4 small calcareous concretions 

Type UI Packed articulated specimens in a large calcareous concretion 

calcareous mudstone (20 cm) 

large calcareous concretion 

Age & Formation 

Pliocene Nadachi EF 

Pliocene Kawazume F 

Upper Miocene Nodani F 

Upper Miocene Nodani FE 

Upper Miocene Nodani FE 

Upper Miocene Nodani F 

Upper Miocene Nodani F 

Middle Miocene Nanbayama F 

Pliocene Kurokura F. 

Pliocene Kurokura FE 

Pliocene Kurokura EF 

Middle Miocene Nanbayama F 

Pliocene Kurokura F. 

A8 C. sp. A A 

C2 C. cf. nipponica A 

E2 C. cf. nipponica A 

Type IV Articulated specimens in limestone bed 

D1 C. sp. B A 

large calcareous concretion (120 cm) 

brecciated limestone bed 

Pliocene Kurokura E 

Upper Miocene Ogaya FE 

(20 m in width, 4.5 m in thickness) 

D2 C. sp. B A limestone bed Upper Miocene Ogaya FE 

(10 m in width, 3 m in thickness) 

many packed articulated specimens are found in large 

(>10 cm) calcareous concretions (Figure 2D). Type IV 

occurrence is seen at localities D1 and D2 where thick 

limestone or brecciated limestone beds are formed by 

many packed articulated specimens (Figure 2B). 

Judging from these occurrences, most Calyptogena 

specimens are autochthonous. Despite being disarticulat- 

ed at localities Al, we interpret these specimens as in- 

digenous because of their lithofacies occurrences and as- 

sociated fauna. It is significant that Calyptogena cf. nip- 

ponica (localities C2, El, E2) and C. sp. B (localities C3, 

D1, D2) occur near the axis of an anticline (Figure 1). 

All material treated in this paper is housed at the Joetsu 

University of Education (JUE). 

SYSTEMATIC DESCRIPTION 

Family Vesicomyidae Dall and Simpson, 1901 

Genus Calyptogena Dall, 1891 

Calyptogena pacifica Dall, 1891 

Figure 3 

Calyptogena pacifica Dall, 1891: 190; Dall, 1895: 713, pl. 

25, figs. 4, 5; Grant & Gale, 1931: 278-279, pl. 13, 

figs. 13a, b; Otuka, 1937: fig.; Otatume, 1942: 435-437, 

pl. 16, figs. 1-12; Okutani, 1966: pl. 27, figs. 1, 3; Tiba, 

1972: 155, pl. 19, figs. 6, 6a; Kanno et al., 1989: figs. 

7 1-15; Okutani, 2000: 997, pl. 496, fig. 7; Amano, 
2002: 27, figs. 3-4, 3-9; Amano, 2003: figs. 3-14. 

Unio moraiensis Suzuki, 1941: 55—56, pl. 4, figs. 2—5. 

Calyptogena (Calyptogena) pacifica Dall. Bernard, 1974: 

11-13, pl. 12, figs. LA, 2A, 3A, 4A—D; Boss and Turner, 

1980: 188-189, figs. Ba—b, Ca—b. 

Vesicomya (Calyptogena) pacifica (Dall). Coan et al., 2000: 

341, pl. 70. 

Type locality: 322 fathoms from off Dixon Entrance of 

southeastern Alaska. 

Type specimen: USNM no. 122549 (Holotype). 

Remarks: Kanno et al. (1989) described the fossils of 

Calyptogena pacifica Dall, 1891 from the Joetsu District 

in detail. We collected new additional specimens from the 

Nodani Formation at localities A3, A6, and A7 in Joetsu 

City, and at locality Cl of the Kurokura Formation in 

Maki Village, eastern Joetsu District. The new and pre- 

viously described specimens in the Joetsu District are a 

maximum of 38.1 mm long (Table 2) and are thus smaller 

than the type, which is 48 mm long and 27 mm high. 

In the Joetsu District, Calyptogena pacifica is frequent- 

ly associated with a number of species characteristic of 

chemosynthetic communities (e.g., Solemya spp., Luci- 

noma acutilineata (Conrad), Conchocele bisecta (Con- 

rad)), and other bivalves (e.g., Portlandia lischkei (Smith) 

and Axinopsida subquadrata (Adams)) (Table 3). In con- 

trast with other species of Calyptogena in Joetsu, C. pa- 
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Figure 2. Occurrences of Calyptogena. A. Deformed articulated shell of Calyptogena sp. A in black shale at the river-side cliff of 

Loc. B1, in Nanbayama Formation. Both dorsal and ventral margins of shell are nearly parallel to the bedding plane. B. Limestone 

composed of many specimens of Calyptogena sp. B (white arrow) in the cliff of Loc. D2, in Ogaya Formation. C. Articulated Calyp- 

togena sp. B in black mudstone at the river-side cliff of Loc. C3, in Kuorokura Formation. The shell occurred in living position, 

perpendicular to the bedding plane. D. Largest calcareous concretion yielding Calyptogena cf. nipponica at Loc. E2, in Kurokura 

Formation. 

cifica is frequently associated with taxodont bivalves. 

Based on the present-day depth ranges of Portlandia lis- 

chkei and Axinopsida subquadrata, we suggest that fossil 

C. pacifica in the Joetsu District was living at 100—300 

m depth. Amano (2003) also pointed out that this species 

may have lived on the lower shelf, based on associated 

fauna and community structure of the late Miocene Morai 

fauna in Hokkaido. Recently, it has become clear that 

living C. pacifica ranges from 55 to 2200 m in depth 

(Fujiwara, 2003), which includes the estimated paleoba- 

thymetry of fossils. 

We found a specimen of C. pacifica showing an un- 

successful naticid drill hole from locality A3. Amano 

(2003) also recognized many drilled specimens of C. pa- 

cifica from the Morai Formation. Amano (2003) suggest- 

ed C. pacifica might have lived at relatively low sulphide 
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Figure 3-15. Calyptogena species from the Joetsu District. Figure 3. Calyptogena pacifica Dall, L = 21.3 mm, JUE no. 15744, Loc. 

A3, Nodani Formation. White arrow shows an unsuccessful drilled hole. Figures 4, 5, 11, 12, 13. Calyptogena cf. nipponica Oinomikado 

and Kanehara (JUE no. 15720): Figure 4. L = 36.1 mm; Figure 5. L = 36.8 mm; Figure 11. L = 27.4 mm; Figure 12. L = 129.3 mm; 

Figure 13. L = 28.9 mm. Surface is sculptured by fine radial threads; Loc. E2, Kurokura Formation. Figures 6a, b, 9. Calyptogena sp. 

A. (JUE no. 15719): Figure 6a. L = 35.9 mm; Figure 6b. L = 55.7 mm; Figure 9. L = 74.8 mm; Loc. B1, Nanbayama Formation. 

Figures 7, 8, 14, 15. Calyptogena sp. B: Figure 7. Juvenile form, L = 28.8 mm; Figure 8. L = 41.7 mm; Figure 14. L = 89.3 mm; 

Figure 15. L = 57.2 mm; Loc. D2, Ogaya Formation. Figure 10. Calyptogena sp. B, L = 119.8 mm, Loc. C3, Kurokura Formation. 
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Table 2 

Measurements of Calyptogena in the Joetsu District. 

Many specimens from this district are deformed or partly 

preserved. Only perfect specimens are measured and 

shown in this table. 

Length Height 

Species Loc. (mm) (mm) H/L 

Calyptogena sp. A A8& 86.5 34.3 0.40 

Bl 74.8 24.6 0.33 

C. sp. B C3 119.8 35.5 0.30 
C3 32.6 18.7 0.56 

D2 69.6 32.0 0.46 

D2 29.9 12.2 0.41 

D2 28.8 16.6 0.58 

D2 23.2 14.7 0.63 

D2 10.4 6.6 0.64 

C. nipponica (Holotype) — 115.4 46.1 0.40 

C. cf. nipponica E2 131.9 83.0 0.63 

E2 129.3 64.8 0.50 

E2 89.9 48.7 0.54 

E2 67.8 37.6 0.56 

E2 55.5) 3255 0.59 

E2 38.7 ONES 0.55 

C. pacifica (Holotype) — 48.0 27.0 0.56 

©, pasties Al 36.7 22.6 0.62 

Al 31.8 19.5 0.61 

Al 28.7 17.5 0.61 

Al 23.6 14.7 0.62 

A2 30.9 20.9 0.68 
A3 DABS 2G, 0.60 

A4 DO. 16.4 0.62 

A4 22.0 13.9 0.63 

AS 38.1 23.7 0.62 

concentrations in shallower water than other vesicomyids. 

This might explain why C. pacifica is frequently associ- 

ated with taxodonts rather than other chemosynthetic fau- 

na, and sometimes is bored by naticid or muricid gastro- 

pods. 

Distribution: Late Miocene to Recent. Late Miocene: 

Morai Formation, Hokkaido (Otatume, 1942; Amano, 

2003); Nodani Formation, Niigata Prefecture (Kanno et 

al., 1989; this study). Pliocene: Kawazume and Nadachi 

formations, Niigata Prefecture (Amano and Kanno, 

1991); Kurokura Formation, Niigata Prefecture (this 

study). Pleistocene: Wakimoto Formation, Akita Prefec- 

ture in northeastern Honshu (Otuka, 1937). Recent: 

Okhotsk Sea, Bering Sea and off Alaska in 500-700 m 

of water (Higo et al., 1999); Aleutian Islands to San Di- 

ego, California in 550-2000 m of water (Coan et al., 

2000); Alaska to South California in 55-2200 m of water 

(Fujiwara, 2003). 

Calyptogena cf. nipponica Oinomikado & 

Kanehara, 1938 

Ereures:4e25) 01. 12 a3 

Calyptogena nipponica Oinomikado and Kanehara. Amano, 

1994: pl. 3, figs. 1, 3, 8, 11. 

Material: Two specimens (JUE no. 15466) from locality 

El in Matsunoyama Town, six specimens (JUE no. 

15720) from locality E2 in Matsudai Town, and one spec- 

imen from locality C2 in Maki Village. All specimens are 

from the upper part of the Pliocene Kurokura Formation. 

Description: Shell large in size, up to 131.9 mm long 

and 83.0 mm high (Table 1), thick, elongate subquadrate, 

less inflated, inequilateral, sculptured by growth lines and 

very fine radial threads. Beak situated at anterior one- 

fourth of shell length. Posterior margin subtruncated; an- 

terior margin rounded. Postero-dorsal margin parallel 

with nearly straight ventral margin. In large specimens, 

ventral margin slightly concave. Blunt ridge running from 

beak to postero-ventral corner. Anterior muscle scar dis- 

tinct and ovate. Pallial sinus slight in small specimens 

(up to ca. 30 mm length), but pallial line entire in larger 

specimens. In left valve, hinge plate rather wide, with 

three cardinal teeth; anterior teeth (2a, b) conjoined at 

uppermost part forming inverted V-shape, 2b thick and 

with weak groove on its top; posterior tooth (4b) long 

and thin, separated from anterior one by deep groove; 

subumbonal pit shallow behind posterior tooth. 

Remarks: Based on shell outline, size and age, Amano 

(1994) identified the specimen from locality El as Ca- 

lyptogena nipponica Oinomikado & Kanehara, 1938, a 

species first described from the Pliocene Ushigakubi For- 

mation in Niigata Prefecture (Figure 4). However, the 

hinge structure of the holotype of C. nipponica is incom- 

pletely preserved. This prevents us from definitely iden- 

tifying the new specimens as C. nipponica. Therefore, we 

refer the new specimens to C. cf. nipponica. 

When they proposed Calyptogena nipponica as a new 

species, Oinomikado and Kanehara (1938) compared 

their species with C. pacifica Dall, 1891, and C. elongata 

Dall, 1916. However, in its elongate quadrate outline, 

large size, and many fine threads (Figure 13), C. cf. nip- 

ponica is more similar to the Recent species C. solidis- 

sima Okutani, Hashimoto & Fujikura, 1992, than either 

is to C. pacifica and C. elongata. Calyptogena cf. nip- 

ponica differs from C. solidissima by having a more an- 

teriorly situated beak, a distinct ridge from beak to ventral 

corner, and a more stout and bifid posterior ramus (2b) 

of anterior tooth. 

Calyptogena cf. nipponica at localities El and E2 oc- 

curs with species characteristic of chemosynthetic com- 

munities, including Lucinoma acutilineata and Concho- 

cele bisecta. 
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Table 3 

Associated fauna of Calyptogena pacifica, C. cf. nipponica, and C. sp. B. When only Calyptogena specimens occurred, 

these localities are omitted in this table. 

Calyptogena 

pacifica Calyptogena 

Calyptogena pacifica cf. nipponica sp. B 

Species Al A2 A3 A4 AS A6 A7 El 2 C3} D1 

Solemya (Acharax) tokunagai Yokoyama + 

S. sp. aU ats 

Acila sp. + 

Bathymalletia inermis (Yokoyama) + 

Nuculana (Nuculana) pernula (Muller) + 

N. sp. ats ar 

N. ?sp. + 

Portlandia (Portlendella) lischkei (Smith) + 

EenSD: + sts 

Bathymodiolus sp. + 

Lucinoma acutilineata (Conrad) + + + + 

L. 2? sp. + 

Conchosele bisecta (Conrad) str ats ar 

C. sp. ar + + 

Axinopsida subquadrata (Adams) ai 

Callocardia ? sp. ste 

Neptunea sp. “ur oF ae 

Buccinum sp. + 

Distribution: Pliocene Kurokura Formation, Niigata Pre- 

fecture. 

Calyptogena sp. A 

Figures 6a, b, 9 

Material: Two specimens (JUE no. 15719) from locality 

B1 in Myoko Village and one specimen (JUE no. 15249) 

from locality A8 in Joetsu City. All specimens are from 

the middle Miocene Nanbayama Formation. 

Description: Shell medium in size, elongate modioli- 

form, less inflated, length 2.5—3.0 times greater than high, 

very inequilateral, ornamented with growth lines. Beak 

situated at anterior one-fifth of shell length. Posterior 

margin more broadly rounded than anterior margin, con- 

tinues to gently sloping postero-dorsal margin; ventral 

margin slightly concave. Anterior muscle scar distinct 

and semi-circular shape. In left valve, hinge plate narrow, 

with three cardinal teeth; anterior teeth (2a, b) conjoined 

at uppermost part forming inverted V-shape, separated 

from posterior long tooth (4b) by deep groove. 

Remarks: Shell material is absent and thus the inner 

structure of specimens is unclear. Moreover, shells of this 

species are slightly deformed or partly preserved. Such 

poor preservation prevents us from establishing any new 

species. No associated molluscan species were found with 

C. sp. A. 

Distribution: Middle Miocene Nanbayama Formation, 

Niigata Prefecture. 

Calyptogena sp. B 

Figures 75.85) lO Stra 

Calyptogena sp. Ueda et al., 1995: figs. 4a—d. 

Material: Six specimens (JUE no. 15717) from the upper 

Miocene Ogaya Formation at locality D2 in Kakizaki 

Town and two specimens (JUE no. 15744) from the Pli- 

ocene Kurokura Formation at locality C3 in Maki Village. 

Description: Shell large in size, elongate modioliform, 

moderately inflated, length 3.4 times greater than high in 

adult shell, very inequilateral, ornamented with growth 

lines. Beak situated in anterior one-forth of shell length. 

Postero-dorsal margin gently sloping; ventral margin 

moderately concave in adult shell. Nymph rather long, 

occupying two-thirds of postero-dorsal margin. In right 

valve, hinge plate rather narrow; central tooth (1) nearly 

vertical; posterior tooth (3b) long and oblique, but ante- 

rior tooth (3a) not observed. 

Remarks: This species may be new to science, but in- 

complete preservation of the specimens precludes us from 

naming a new species. The specimens illustrated as C. 

sp. by Ueda et al. (1995) are immature forms of this spe- 

cies. Immature shells of C. sp. B have an elongate ovate 
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Figure 16. Relation between shell length and ratio of height to length (H/L %) for Calyptogena pacifica, C. nipponica, C. cf. nipponica, 

C. sp. A, and C. sp. B. 

outline like C. pacifica (Figures 7, 16). As they grow, 

they attain a more elongated shape. 

The specimens of Calyptogena sp. B resemble C. sp. 

A in their shell outline. However, Calyptogena sp. B dif- 

fers from C. sp. A by having a larger size and a strongly 

concave ventral margin. The adult shells of C. sp. B also 

resemble the recent species C. phaseoliformis Metivier, 

Okutani & Ohta, 1986, in having an elongated outline 

and concave ventral margin. However, C. sp. B differs 

from C. phaseoliformis in having a more acutely rounded 

anterior margin. The ontogenetic trend of the shell outline 

of C. phaseoliformis is not known as no immature shells 

have been found. 

At locality D1, only Bathymodiolus sp. occurs with C. 

sp. B. This is noteworthy as today the shallowest depth 

Bathymodiolus has been found is 680 m (Kurozumi, 

2000), suggesting that C. sp. B at locality Dl may have 

lived in water deeper than the upper bathyal zone. 

Distribution: Late Miocene to Pliocene. Late Miocene: 

Ogaya Formation, Niigata Prefecture. Pliocene: Kurokura 

Formation, Niigata Prefecture. 

DISCUSSION 

Four species of Calyptogena are recorded from many lo- 

calities in the Joetsu District. Their geological range is 

from the middle Miocene to the late Pliocene. During this 

time, Calyptogena species lived in fine-grained sediments 

that were deposited in the water deeper than lower sub- 

littoral zone (Endo and Tateishi, 1990; Amano and Kan- 

no, 1991; Amano, 2002). Judging from the color of the 

mudstone or shale enclosing fossils and the associated 

fauna, these sediments were deposited in reducing envi- 

ronments. Calyptogena pacifica lived in lower sublittoral 

to upper bathyal zones while C. sp. B may have lived in 

the bathyal zone as suggested above. 
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Figure 17. Stratigraphical occurrences of Calyptogena in the Joetsu District. 

Another possible explanation for the diversity and 

abundant occurrence of Calyptogena species in the Joetsu 

District may be tectonic setting. It is noteworthy that Ca- 

lyptogena ct. nipponica and C. sp. B in the Joetsu District 

are found in the late Miocene to the early Pliocene (Fig- 

ure 17) because it was at this time that most of the sed- 

iments in the back-arc basin were folded (e.g., Kano et 

al., 1991) and anticlinal oil and gas traps were formed as 

a result (Hayashi, 1984). Many small oil and methane gas 

fields are developed near anticlinal axes in the area. These 

include the Nadachi oil field in Nadachi Town, the Gozu 

oil field in Joetsu City, the Maki oil field in Maki Village, 

the Kubiki oil and gas field near Kakizaki Town and the 

Matsunoyama oil field in Matsunoyama Town (Niigata 

Prefecture, 1977). Large concretions of C. cf. nipponica 

at locality E2 and limestone of C. sp. B at localities D1 

and D2 occur near the axes of of Yamanaka-Kiriyama 

(Watanabe, 1938) and Kuroiwa (Yoneyama Research 

Group, 1973) anticlines respectively. We surmise that 

these Calyptogena colonies depended on the hydrocar- 

bon-rich fluids emanating near the anticlinal crests. Sim- 

ilar living chemosynthetic communities have been re- 

corded only on the oil-producing region in the Gulf of 

Mexico (Kennicutt et al., 1985; Callender et al., 1990). 

The smallest species in the area, C. pacifica, probably 

lived in shallower water than the other fossil species. 

There is very little data available based on the occur- 

rences of C. sp. A. Both species seem to independent of 

any obvious geological structure. It is possible, therefore, 

that neither of them was linked to discrete seep sites, and 

if so the source of their nutrition is unclear. 
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Abstract. The commercial capture of Pomacea patula (“‘tegogolo”’ or ‘‘apple snail’’?) in Catemaco Lake, Veracruz, 

México, has decreased considerably in recent years. Its conservation and continued use as a regional economic resource 

is threatened, because little biological-ecological information is known for the species and measures regulating the 

intensity of its exploitation are deficient. As a contribution to the biological knowledge of this mollusk, the present study 

evaluates the effect of diet on P. patula growth and reproduction in laboratory. Two types of diet were applied, each 

gelled with 8% cornstarch, and containing varying proportions of the microalga Scenedesmus incrassatulus (Chlorophy- 

ceae). Diet 1 contained 100% microalgae, whereas in diets 2, 3, and 4, S. incrassatulus was gradually substituted with 

balanced trout food in proportions of 10%, 20%, and 40% dry weight, respectively. After twelve months of observation, 

no significant differences in growth, as measured by size and weight, were noted (P < 0.05). All experimental mollusk 

populations reached sexual maturity at six months of age, and fecundity was higher when the proportion of balanced 

food in the diet was increased. Survival during the observation period fluctuated between 70% and 85% regardless of 

diet. 

INTRODUCTION 

Ampullariidae are amphibious freshwater snails; Poma- 

cea Perry, 1810, is the most representative genus of the 

family and is commonly known as the “‘apple snail.”’ This 

mollusk is native to tropical regions of the American con- 

tinent, from which it has dispersed to other parts of the 

world; this has been partially due to its culinary value as 

well as to its importance to aquarium owners (Cowie, 

1993). The natural distribution of Pomacea patula Baker, 

1922, in Mexico is limited to Catemaco Lake (Naranjo 

& Cubas, 1985), a place where in the 1980s, total com- 

mercial capture recorded surpassed 5000 tons, maintain- 

ing an average of 502 tons/yr (De la Lanza & Garcia, 

1995). This volume began to drop significantly in the ear- 

ly 1990s, the probable result of over-exploitation coupled 

with variation in lake water volume due to operation of 

the Chilapan hydroelectric plant (Pérez & Orozco, 1992) 

and pollution from pesticides used in nearby agricultural 

areas (Calderon, 1997). The permanence and sustainable 

use of this resource is now threatened due to unregulated 

commercial exploitation and the fact that the mollusk’s 

biology is not well understood; protection strategies that 

could be applied to the recovery of wild populations are 

yet to be implemented. 

Aquaculture can contribute to the rehabilitation of this 

* Author for-correspondence. 

resource through controlled production of young for re- 

population, a quite feasible process due to certain char- 

acteristics of the species such as reproductive potential, 

growth rate, and direct development, which make it a 

potentially cultivable species in Mexico (Valdés & Agui- 

lera, 1986). Regionally, some basic research has been 

done on the biology of the genus Pomacea (Rangel, 1984; 

Osorio, 1987), along with studies on preliminary culti- 

vation of the species for aquacultural purposes, with veg- 

etables and aquatic macrophytes as food (Ontiveros, 

1989; Martinez, 1989; Amaya & Godinez, 1994; Lagu- 

nes, 1997). However, most of this research consists of 

isolated efforts, the results of which are not found in sci- 

entific papers; little published information is available 

that might contribute to designing an aquaculture program 

for this species in Mexico despite its undoubted biologi- 

cal and socioeconomic importance, especially for the fish- 

ing industry (Torres & Rojas, 1995; Negrete, 1997). 

One of the most important factors limiting the growth 

potential of this snail is food. Members of the Ampullar- 

iidae have three types of food that are not mutually ex- 

clusive: microphages, zoophages, and macrophytophages 

(Estebenet, 1995). However, the specific nutritional re- 

quirements of P. patula are largely unknown; analysis of 

the contents of the first anterior third of the digestive tract 

of wild specimens reveals a predominance of benthonic 

photosynthesizing microorganisms, including _ settled 
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Figure 1. Fit of Von Bertalanffy growth model to shell length 

increase (cm) of Pomacea patula when fed four diets containing 

the microalga Scenedesmus incrassatulus. 

Chlorophyceae and Bacillariophyceae microalgae, among 

which the genera Chlorella, Scenedesmus, and Ankistro- 

desmus stand out along with some cyanobacteria, free- 

living ciliates, rotifers, fish eggs, insect remains, and 

aquatic macrophytes, as well as abundant sand particles 

(Espinosa-Chavez & Martinez-Jer6nimo, unpublished). 

These data corroborate Pomacea’s frequently recognized 

omnivorousness, which has been the basis of much feed- 

ing research such as that of Mendoza et al. (1999), who 

demonstrated that P. bridgesi grows better with diets that 

incorporate animal protein sources (provided by fishmeal) 

rather than with those that feature only vegetable protein 

(from aquatic macrophytes). Analyses of the stomach 

contents of P. canaliculata have revealed, among other 

material, insects, crustaceans, fish eggs and remnants, al- 

though it is frequently recognized as a species of micro- 

phytophagous habits (Estebenet, 1995). In captivity, how- 

ever, it has been observed to ingest dead animals even 

when vegetable matter is present, suggesting a need for 

animal protein (Estebenet & Cazzaniga, 1992). 

The present study evaluates how “‘tegogolo” growth 

and reproduction are affected by the application of two 

types of diet, one consisting exclusively of the microalga 

Scenedesmus incrassatulus and the other consisting of 
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Figure 2. Fit of logistic growth model to weight increase (g) 

of Pomacea patula when fed four diets that contain the microalga 

Scenedesmus incrassatulus. 

this microalga mixed with varying amounts of balanced 

rainbow trout food. 

MATERIALS anpD METHODS 

The test organisms were obtained from manually collect- 

ed egg masses from the shoreline of Catemaco Lake in 

Veracruz, Mexico. Egg masses were transported in indi- 

vidual glass containers that also worked as a humid in- 

cubator, shielding the eggs against dehydration. In labo- 

ratory, egg masses were incubated at 25°C with environ- 

mental light; eclosion began on the sixth day of incuba- 

tion. Fifty recently hatched snails (O—48 hr old) were 

distributed randomly in each experimental unit, these 

units consisting of 30-liter glass containers that had air 

bubbles to oxygenate the water and a top to prevent the 

organisms from escaping. 

The green microalgae Scenedesmus incrassatulus was 

grown in the Bold’s Basal Medium (Stein, 1973) in 40- 

liter tubular polyethylene systems following the method- 

ology suggested by Martinez-Jer6nimo & Espinosa-Cha- 

vez (1994). Microalgal biomass was separated through 

sedimentation in refrigerated conditions of exponentially 

grown cultures of Scenedesmus, allowing us to obtain a 

concentrate with 6—8% dry material that was used to pre- 

Table | 

Values for coefficients of the Von Bertalanffy growth equation for size increase of Pomacea patula when fed different 

diets over a 12-month period. Average values and confidence intervals (P = 0.05). 

LE K if u 

Diet | 3.9043 + 0.4944 0.3123 + 0.1337 —0.0492 + 0.0510 0.9733 

Diet 2 4.1190 + 0.5700 0.2775 + 0.1207 —0.0100 + 0.0533 0.9791 

Diet 3 4.2648 + 0.5932 0.265 + 0.1121 0.0131 + 0.0524 0.9795 

Diet 4 4.2382 + 0.5406 0.289 + 0.1174 0.0154 + 0.0490 0.9776 

* Coefficient of determination. 
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Table 2 

Values for coefficients of the logistic growth equation for weight increase of Pomacea patula when fed different diets 

over a 12-month period. Average values and confidence intervals (P = 0.05). 

K b a Ten 

Diet 1 13.3274 + 0.3571 1.1989 + 0.1831 4.858 += 0.7287 0.9890 

Diet 2 14.6890 + 0.3775 1.0836 + 0.1502 4.8228 + 0.6436 0.9897 

Diet 3 16.0056 + 0.445 1.0700 + 0.1364 4.9034 + 0.5997 0.9936 

Diet 4 16.4287 + 0.4398 1.0802 + 0.1317 D2 2 Op a7 0.9928 

* Coefficient of determination. 

pare the different diets. The treatments applied repre- 

sented a gradient in S. incrassatulus content that included 

100% concentrations of microalgae (D1) and a gradual 

substitution with formulated rainbow trout feed (growth 

formula with 38% protein and 10% lipids), in proportions 

of 10% (D2), 20% (D3), and 40% (D4). 

In order to facilitate administration and consumption, 

the diets were gelled through the addition of 8% corn- 

starch. Adequate gel texture was achieved by microwav- 

ing it at 75°C for one minute (Charley, 1995) and then 

letting it cool at room temperature. At this point, gels 

were cut into 3 mm-thick slices that were supplied to 

snails ad libitum. The growth experiments were continued 

over a 12-month period, with monthly determinations of 

shell length and individual weight for all individuals. 

Once reproduction began, the egg masses produced were 

removed daily for measurement and weight; observation 

of reproduction was carried out from the time it began 

until thirteen months. 

RESULES 

Figure 1 shows growth tendencies in terms of total shell 

length recorded for P. patula with the four diets tested. 

After 12 months of experimental analysis, it was deter- 

mined that increases in shell length can be described us- 

ing Von Bertalanffy’s growth model, defined by this equa- 

tion: 

I= Micrel hi ge) 

Table 3 

Average values and descriptive statistical parameters for 

the weight of egg masses produced during seven months 

by Pomacea patula when fed different diets. 

Confi- 

dence 

Mean S n Interval* Minimum Maximum 

Diet 1 3.26 EDS ee AD ASS === OAD 1.02 8.36 

Diet 2 3.63 los -S74) se OMG 0.24 10.07 

Diet 3 3.78 [Ges 25 = =n O19) 0.40 9.70 

Diet 4 4.02 198 276 == ODO 0.40 9.54 

* P = 0.05 

where L,,,,, represents maximum possible size under the 

experimental conditions applied, and K the growth rate. 

Covariance analysis as applied to the comparison of cor- 

responding growth coefficients shows that no statistically 

significant differences exist among the treatments applied 

(P > 0.05). In accordance with the determined equations, 

theoretical curves were constructed (Figure 1); parame- 

ters of the equations obtained appear in Table 1. The 

highest value for growth coefficient K corresponded to 

Diet 1, while the longest maximum length (L,,,,) to Diet 

3. 

Monthly increases in the average weight of organisms 

fed the four diets are shown in Figure 2. They follow a 

sigmoid tendency that was adjusted to the logistic equa- 

tion described thus: 

K 

1 + ea ht 

For the fittings applied to this equation, the value of K 

represents maximum possible weight, whereas b repre- 

sents the growth rate in terms of weight. The covariance 

analysis applied to these growth rates reveals that there 

were no significant differences in this parameter for the 

four treatments applied (P > 0.05). Table 2 shows values 

for this model’s coefficients in accordance with the four 

diets. Theoretical curves calculated with these models are 

shown in Figure 2. 
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Figure 3. Comparison intervals for average weight of egg mas- 

ses Oviposited by Pomacea patula when fed four different diets. 

The non-overlapping limits of intervals indicate significant dif- 

ferences (P = 0.05). 
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Figure 4. Average monthly weight and confidence interval (P 

= 0.05) of egg masses produced by Pomacea patula when fed 

four diets containing different amounts of the microalga Scene- 

desmus incrassatulus. 

Oviposition began in the sixth month regardless of diet, 

and this stage coincided with the tendency for growth 

stabilization in terms of both length and weight (see Fig- 

ures | and 2). Average data from all egg masses produced 

with the four treatments up to the age of 13 months are 

shown in Table 3. Analysis of variance (ANOVA) as ap- 

plied to these data reveals that diet had a significant effect 

(P < 0.001), the Tukey test (P = 0.05) showing that 

compared to all other diets, organisms fed D1 produced 

egg masses of significantly lower average weight. There 

are, however, no significant differences between egg mas- 

ses produced by snails that consumed diets D2 and D3, 

the same being true for D3 and D4 (P = 0.05); Figure 3 

shows these comparisons. 

Average weight of oviposited egg masses each month 

was averaged, the data appearing in Figure 4, in which it 

is observable that of all diets tested, egg masses were 

largest during the intermediate reproductive period, as 

both the first (early reproduction) and last (final obser- 
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vations, when organisms were 13 months old) were com- 

paratively smaller. 

Finally, survival after 13 months varied between 70% 

and 85% and was not significantly influenced by diet (P 

> 0.05). 

DISCUSSION 

The results observed in P. patula growth and reproduc- 

tion with the four diets are consistent with the omnivo- 

rousness of this species as well as the feasibility of grow- 

ing it with a diet consisting exclusively of microalgae; 

this would mean a reduction in operating costs for com- 

mercial growers, because formulated fish food costs quite 

a bit more. The virtues of vegetable diets have been re- 

ported by Sharfstein & Steinman (2001), who detected 

higher growth and survival in juvenile P. paludosa when 

fed a natural association of Utricularia sp. and periphy- 

ton. Similarly, Estebenet & Cazzaniga (1992) fed P. can- 

aliculata juveniles and adults diets based on lettuce 

leaves, fish feed, dog feed, and wheat germ, creating a 

food that thus contained various animal and vegetable 

components, and found no significant differences in 

growth. In the present study, it was not possible to de- 

termine significant differences in length and weight in- 

creases with the four diets applied. 

As to how reproduction was affected, P. patula made 

efficient use of alimentary components of a carnivore 

diet, represented in this case by protein and lipids of an- 

imal origin that were incorporated into formulated trout 

feed, as the weight of egg masses produced during the 

reproductive phase was directly related to the proportion 

of these components in snail food; this was particularly 

clear in the case of D3 and D4, which contained the high- 

est amounts of formulated trout food. This observation is 

consistent with the results obtained by Mendoza et al. 

(1999), who determined that diets based on a higher pro- 

portion of fishmeal than Pistia sp. (as a source of vege- 

table protein) produced better results in terms of P. brid- 

Table 4 

Comparative growth of the “‘apple snail’? Pomacea patula fed with different diets. Values for average weekly increases 

in weight and length are shown, as determined for each of the studies mentioned. 

Species Feed weight (g) length (cm) Authors 

P. patula Ipomea aquatica 0.046 n. a. Lagunes, 1997 

P. patula Ipomea aquatica 0.072 n. a. Asiain & Olguin, 1995 

P. patula Alfalfa 0.056 0.137 Martinez, 1989 

P. patula S. incrassatulus and trout feed 0.35 0.174 This study 

P. canaliculata Cabbage and carp feed 0.0386 n. a. Kobayashi & Fujio, 1993 

P. flagellata Chicken feed 0.294 0.161 Alonzo, 1984 

P. flagellata Pistia sp. n. a. 0.132 Ontiveros, 1989 

P. bridgesi Fish feed n.a 0.175 Benavides, 1994 

P. bridgesi Pistia sp. and fishmeal n. a. 0.345 Mendoza et al., 1999 

P. paludosa Carp feed n.a 0.150 Ferrer et al., 1991 

n. a.: no data available. 



F. Espinosa-Chavez & F. Martinez-Jero6nimo, 2004 

gesi growth and food conversion rate. These results do 

not corroborate the macrophytophagia usually recognized 

for Pomacea (Estebenet, 1995). 

Finally, Table 4 sums up all available information on 

weight and size increases for several species of Pomacea, 

illustrating contrasts with the results obtained in the pre- 

sent research; it can be observed that with all diets stud- 

ied herein, average weekly increase in weight was higher 

than that recorded by other authors, the most similar re- 

sults being obtained when P. flagellata was fed formu- 

lated bird feed (Alonzo, 1984). In terms of average week- 

ly size increase, only Mendoza et al. (1999) reported a 

higher figure. 

Results obtained with the four tested diets lead to the 

conclusion that P. patula can be cultivated with an ex- 

clusively vegetable diet without compromising growth, 

although fecundity is favored by the incorporation of an 

animal protein source. It is also clear that feeding the 

““tegogolo”’ only the microalga Scenedesmus incrassatu- 

lus is sufficient to complete the species’ life cycle under 

controlled conditions, a promising discovery from the 

viewpoint of aquaculture. 
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A New Species of Aeolidiella Bergh, 1867 (Mollusca: Nudibranchia: 

Aeolidiidae) from the Florida Keys, USA 

ANGEL VALDES 
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Abstract. A new species of Aeolidiella is described based on specimens collected from the Florida Keys. The species 

is characterized by having a translucent gray color, with opaque white pigment on the rhinophores, oral tentacles, and 

most of the dorsum except for the head, where the white pigment forms a triangular patch. External and internal 

differences separate this species from other members of the genus. It is possible that this species is bred for aquarium 

control of species of Aiptasia, and commercialized under the name Berghia verrucicornis. 

INTRODUCTION 

Members of the family Aeolidiidae differ from other aeo- 

lidacean nudibranchs in having pectinate rather than cus- 

pidate radular teeth (Rudman, 1982; Gosliner, 1985; Mill- 

er, 2001). The number of valid genera within the Aeoli- 

diidae has been the subject of controversy. Gosliner 

(1985) recognized ten valid genera: Aeolidia Cuvier, 

1798, Spurilla Bergh, 1864, Aeolidiella Bergh, 1867, 

Cerberilla Bergh, 1873, Berghia Trinchese, 1877, Baeo- 

lidia Bergh, 1888, Protaeolidiella Baba, 1955, Aeolidiop- 

sis Pruvot-Fol, 1956, and Pleurolidia Burn, 1966, distin- 

guished by the position of the anus and the nephroproct, 

the radular formula, the arrangement of the cerata, and 

the morphology of the rhinophores. Rudman (1982) con- 

sidered that Berghia is a synonym of Spurilla, because 

of the lack of anatomical differences other than the rhin- 

ophore morphology, and Rudman (1990) synonymized 

Pleurolidia with Protaeolidiella. More recently, Miller 

(2001) proposed a new and more complex classification 

in which Berghia and Spurilla are maintained separate 

and two new genera—Anteaeolidiella Miller, 2001 and 

Burnaia Miller, 2001—are introduced. The diagnoses of 

Miller’s genera are more detailed than those by Gosliner 

(1985) and include characters of the digestive system, 

such as the ramification of the digestive gland and the 

morphology of the oral glands. No phylogenetic hypoth- 

esis supports any of these proposed classifications and the 

relationships between members of this group are in need 

of revision. 

Nine valid species of Aeolidiidae belonging to the gen- 

era Berghia, Limenandra, Spurilla, Aeolidiella, and Cer- 

berilla are represented in the tropical West Atlantic (Mar- 

cus, 1977). Recent fieldwork in the Florida Keys has re- 

vealed the presence of a new species of Aeolidiidae, 

which is described in the present note. The material ex- 

amined is deposited at the Natural History Museum of 

Los Angeles County (LACM) and the Zoologisk Muse- 

um, Kgbenhavns Universitet, Copenhagen (ZMUC). 

Newly collected specimens were relaxed in magnesium 

chloride 10% and subsequently preserved in ethanol 70%. 

SPECIES DESCRIPTION 

AEOLIDIDAE Gray, 1827 

Aeolidiella Bergh, 1867 

Aeolidiella stephanieae Valdés, sp. nov. 

(Figures 1—3) 

Type material: Holotype: Shore in front of the Bayside 

Resort (mile marker 99.5) (25°05'27"N, 80°26'28’W), 

Key Largo, Monroe County, Florida, 13 July 2003, 1-2 m 

depth, 5 mm preserved length, leg. S. Knowles and A. Val- 

dés (LACM 3014). Paratypes: Shore in front of the Bay- 

side Resort (mile marker 99.5) (25°05'27"N, 80°26'28”"W), 

Key Largo, Monroe County, Florida, 22 July 2003, 1-2 m 

depth, 3 specimens, 4-7 mm preserved length, leg. S. 

Knowles and A. Valdés (LACM 3015). 

External morphology: The body is elongate (Figure 1), 

wider anteriorly, reaching 7 mm in preserved length. The 

foot corners are triangular and elongate (Figure 2A). The 

oral tentacles are about twice as long as the rhinophores 

in the living animals. The rhinophores bear about 6—10 

inconspicuous lamellae, situated only on the distal half 

and surrounding the entire surface of the rhinophore (Fig- 

ures |, 2D). The cerata are arranged in straight rows (Fig- 

ure 2E), divided into groups separated by narrow gaps 

lacking cerata. Within each group the rows are equidis- 

tant, with the shorter cerata situated more ventrally and 

dorsally. The first group of cerata contains 5 rows and 

the genital opening is situated ventrally to the second and 

third rows. The second and third groups contain 4 rows 

of cerata, larger than those in the first group. The cardiac 
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Figure 1. Aeolidiella stephanieae sp. nov., living animals. A, Paratype (LACM 3015). B, Holotype (LACM 3014). 

area is situated between the first and second groups. The same group that contains some of the largest cerata. Each 

anus is cleioproctic, situated beneath the third group of ceras contains an extension of the digestive gland and an 

cerata. The nephroproct is situated anterior to the anus. oval cnidosac at the apex (Figure 2B). 

The last 7 rows of cerata are clustered all together in the The color of the living animals is translucent gray, with 
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2. Aeolidiella stephanieae sp. nov., anatomy of a paratype (LACM 3015). A, Ventral view of the mouth area, scale bar = | Figure 2. 

mm. B, Ceras, scale bar = 1 mm. C, Reproductive system, scale bar = 1 mm. D, Preserved rhinophore, scale bar = 1 mm. E, 

Arrangement of the cerata, genital aperture, anus and nephroproct in the preserve specimen, scale bar = 2 mm. Abbreviations: a, anus; 

am, ampulla; bce, bursa copulatrix; ce, ceras; ci, ceras insertion; cn, cnidosac; dg, digestive gland; fc, foot corner; fg, female glands; go, 

gonopore; m, mouth opening; n, nephroproct; ot, oral tentacle; pn, penis; pr, prostate; r, rhinophore; rl, rhinophoral lamella; sr, seminal 

receptacle; v, vagina. 



Valdés, 2004 Page 221 

Figure 3. Aeolidiella stephanieae sp. nov., scanning electron micrographs of a paratype (LACM 3015). A, Jaw, scale bar = 500 pm. 

B, Detail of the jaw masticatory border, scale bar = 3 wm. C, Radular teeth, scale bar = 100 pm. 
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opaque white pigment on the distal half of the rhinop- 

hores and oral tentacles, and the entire dorsum except for 

the head, where the white pigment forms a triangular 

patch that ends behind the eyespots. The jaws are visible 

as two light brown patches on both sides of the head. 

There are a few opaque white spots on the base of the 

oral tentacles are rhinophores as well as the sides of the 

body. The cerata are grayish with diffuse white pigment 

on the proximal % and an entirely opaque white distal %, 

with a slight orange tinge in some specimens. 

Internal anatomy: The reproductive system is diaulic 

(Figure 2C). The ampulla is long and slightly curved; it 

narrows into the hermaphrodite duct before connecting to 

the female glands and the prostate. The prostate is long 

and convoluted, narrowing into a long and curved penis. 

There is no penial armature. The vagina is wide and con- 

voluted; at its mid-length it divides into a long duct that 

connects to the female glands and a wider and curved 

duct that ends in a small and rounded bursa copulatrix. 

There is a large seminal receptacle connected to the fe- 

male glands. 

The radular formula is 22 x 0.1.0. The radular teeth 

are pectinate, with a concave base and a central cusp 

reduced to a small, triangular denticle (Figure 3C). There 

are 20—25 long and pointed denticles on each side of the 

cusp. The innermost denticles are shorter, becoming lon- 

ger towards the laterals of the teeth and shorter again near 

the outermost edge. The jaws are oval in shape (Figure 

3A). The masticatory border of the jaws has several ir- 

regular denticles (Figure 3B). 

Etymology: This species is named in honor of Stephanie 

Knowles, for her invaluable assistance, enthusiasm, and 

support during the fieldwork in the Florida Keys. 

DISCUSSION 

This new species is here placed in Aeolidiella following 

the diagnosis of Gosliner (1985) who defined this group 

by the presence of a cleioproctic anus, cerata arranged in 

linear rows, and nephroproct preanal. The reproductive 

system of Aeolidiella stephanieae sp. nov. also resembles 

that of Aeolidiella indica Bergh, 1888 (described by Gos- 

liner, 1985) in having both a bursa copulatrix and a sem- 

inal receptacle. Miller (2001) introduced the new mono- 

typic genus Anteaeolidiella, type-species Aeolidiella 

indica, which according to this author differs from Aeo- 

lidiella in having a forked arrangement of the lateral ducts 

of the digestive gland, evenly tapered body, high bilobed 

radular tooth with a reduced cusp, and nodulose oral 

glands. The anatomical characteristics of Aeolidiella ste- 

phanieae sp. nov. are more similar to those of A. indica 

than to those of Aeolidiella soemmeringi (Leuckart, 1828) 

[synonym: Aeolidiella alderi (Cocks, 1852)], the type- 

species of Aeolidiella, which has a broader body, with the 

rows of cerata leaving no gaps, and radular teeth with a 

large central cusp. Following the classification and ideas 

proposed by Miller (2001), A. stephanieae sp. nov. would 

probably belong in Anteaeolidiella or in its own distinct 

genus. Miller’s (2001) scheme includes stricter diagnoses 

for genera (based on numerous characters), and conse- 

quently he recognizes more taxa than in previous classi- 

fications. It is questionable whether such a large number 

of genera, several of which are monotypic, reflect the 

diversification that took place in this group. For the pro- 

poses of the present paper, A. stephanieae sp. nov. will 

be provisionally placed in the genus Aeolidiella until a 

phylogenetic hypothesis for the group becomes available. 

The only two valid species of Aeolidiella described 

from the Caribbean are Aeolidiella occidentalis Bergh, 

1874, only known from St. Thomas, Virgin Islands, and 

Aeolidiella lurana Marcus & Marcus, 1967, originally de- 

scribed from Brazil (Marcus & Marcus, 1967) and sub- 

sequently reported from Curagao and Puerto Rico (Mar- 

cus & Marcus, 1970). 

Aeolidiella occidentalis Bergh, 1874 was described on 

the basis of preserved specimens collected by Krebs in 

1853 and deposited at ZMUC for several years. The color 

of the living animals is unknown, but the anatomy was 

partially studied and described by Bergh (1874). The pre- 

served specimens had white lines on the dorsum and 

white spots on the cerata, head and dorsum, very different 

from the single wide white line on the dorsum of Aeoli- 

diella stephanieae sp. noy., which also lacks white spots 

on the cerata, dorsum, and head. The most notable dif- 

ferences between these two species are the shape of the 

radular teeth, which are more convex, have shorter den- 

ticles and a more developed cusp in A. occidentalis and 

the presence of denticles on the masticatory border of the 

jaws of A. stephanieae sp. nov. According to Marcus & 

Marcus (1967), the systematic position of A. occidentalis 

is problematic. The location of the anus of this species, 

“somewhat farther in front than in most true Aeolidiidae, 

disagree with the characters known for Aeolidiella.” 

Bergh (1874) described the presence of circular or 

oblique folds on the rhinophores, similar to the lamellae 

of A. stephanieae sp. nov., but it is impossible to deter- 

mine whether this is an artifact of preservation or real 

lamellae. Examination of the two remaining syntypes of 

A. occidentalis ZMUC (GAS-2042) revealed no addition- 

al information, so this species is unidentifiable. 

Aeolidiella lurana 1s characterized by having smooth 

rhinophores, a background bluish white color with pink 

pigment on the oral tentacles and the sides of the head 

and yellow on the dorsum, the middle of the head and 

the distal part of the rhinophores (Marcus & Marcus, 

1967). The cerata are orange with dark brown nodular 

diverticula. This is very different from Aeolidiella ste- 

phanieae sp. nov., which is a species with annulated tu- 

bercles and a grey background color with opaque white 

pigment on the oral tentacles, rhinophores and dorsum. 

Other differences between these two species include the 
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morphology of the radular teeth, which are proportionally 

wider and shorter in A. stephanieae sp. nov. and the po- 

sition of the anus, which is located between the first and 

second group of cerata in A. /urana and beneath the third 

group in A. stephanieae sp. nov. 

Eastern Atlantic species of Aeolidiella are Aeolidiella 

alderi (Cocks, 1852), Aeolidiella glauca (Alder & Han- 

cock, 1845) and Aeolidiella sanguinea (Norman, 1877). 

These three species have smooth rhinophores, continuous 

rows of cerata, not separated by gaps, and other consistent 

color differences with Aeolidiella stephanieae sp. nov. 

(see Thompson & Brown, 1984). 

Kempf (2002) posted a photograph of a single speci- 

men of Aeolidiella stephanieae collected from an unde- 

termined locality in the Florida Keys. The coloration of 

this specimen is very similar to the material here exam- 

ined, with the exception of the presence of slightly 

browner cerata due to the short-term, temporary storage 

of zooxanthellae after feeding. Kempf (2002) indicates 

that this species is bred for aquarium control of species 

of Aiptasia, but no other information or illustrations of 

commercial specimens is provided, so it is not possible 

to determine whether this species is being artificially 

bred. No other references to this species have been found 

in the literature. 

Lindsey Groves (LACM) curated the specimens col- 

lected and critically reviewed the manuscript. This man- 

uscript is based upon work supported by the National 

Science Foundation under Grant No. 0216506. 
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Abstract. This is the first comprehensive revision of the gastropod family Naticidae from the Patagonian coast. The 

valid species are redescribed, based on type and other specimens, and illustrated, including SEM photographs of radulae 

and jaws. This revision is based on specimens collected at localities ranging from Uruguay and northern Argentina 

southwards to Tierra del Fuego, the Straits of Magellan, the Beagle Channel and the Malvinas Islands, along with some 

material from South Georgia, South Shetland, the South Orkney Islands, and the Palmer (Antarctic) Peninsula. Only 

thirteen of the numerous nominal species described from the Patagonian coast are herein considered valid: Notocochlis 

isabellean (d’Orbigny, 1840; “‘Natica” limbata d’Orbigny, 1837; Tectonatica impervia (Philippi, 1845; Euspira con- 

stricta Dall, 1891; E. strebeli Dall, 1891; E. patagonica (Philippi, 1845; E. falklandica (Preston, 1913; Falsilunatia 

soluta Gould, 1847; Bulbus carcellesi Dell, 1990; Polinices sp. cf. P. uber Valenciennes, 1832; ““Amauropsis” anderssoni 

Strebel, 1906; “A.” aureolutea Strebel, 1908 and Kerguelenatica bioperculata Dell, 1990. In order to resolve the identity 

of several species, lectotypes were selected for the following species: Natica isabelleana ad Orbigny, 1840; N. limbata 

d’Orbigny, 1837; and a neotype of Falsilunatia soluta Gould, 1847 is herein designated. 

INTRODUCTION 

Carcelles & Williamson (1951) listed 22 naticid species 

in their classic catalog of the Magellanic Province mol- 

luscan fauna. However, that publication was an uncritical 

compilation of the species described from this region. 

Previously, most of these nominal species were known 

solely from their original descriptions, so that their anat- 

omy and geographic distribution were largely unknown. 

Therefore, I undertook a comprehensive analysis of the 

Patagonian taxa of the family Naticidae. 

The original material used to describe many of the Pa- 

tagonian naticids was obtained from nineteenth-century 

overseas expeditions to the South American coast (e.g., 

King & Broderip, 1832; d’Orbigny, 1834-1847; Gould, 

1847, 1848, 1852, 1862; Rochebrune & Mabille, 1889; 

Strebel, 1906, 1908). An exception is the renowned R. A. 

Philippi who, during his extensive career at the National 

Museum in Santiago, Chile, published on the taxonomy 

of mollusks from the Straits of Magellan (Philippi, 1845a, 

1855, 1868). 

Modern publications on the Naticidae agree in recog- 

nizing admittedly poorly defined groups at the genus- and 

subfamily-levels (e.g., Cernohorsky, 1971; Kilburn, 1976; 

Marincovich, 1977; Majima, 1989; Dell, 1990; Kabat, 

2000). This paper uses the classifications adopted by Mar- 

incovich (1977) and Majima (1989). Kabat (1991) pro- 

vided additional data on the type species designations of 

the genera, and on the establishment of the family and 

subfamily names used herein. 

The geographic fauna studied corresponds to Patagonia 

sensu lato, from Buenos Aires province (36°S) to Tierra 

del Fuego, the Straits of Magellan, and the Beagle Chan- 

nel, together with the Malvinas Islands (56°S). Several 

specimens from South Georgia, South Shetland, the South 

Orkney Islands, and the Palmer (Antarctic) Peninsula 

were also included for comparative purposes. The genus 

Sinuber was excluded, because it probably has only one 

species, found in the Malvinas Islands (i.e., S. sculptum), 

and other species of this genus do not occur within the 

Patagonian region. A complete revision of the Antarctic 

and Subantarctic naticid species, excluding the Patagon- 

ian taxa, is in preparation. 

The thirteen species herein recognized as valid are re- 

described based on museum specimens and some person- 

ally collected material. The extant type specimens, as 

well as radulae and jaws of the valid species, are illus- 

trated, most of them for the first time. 

MATERIALS anD METHODS 

The core material is housed in the extensive collections 

of the following museums: Argentino de Ciencias Natur- 

ales ““Bernardino Rivadavia,’’ Buenos Aires (MACN-In); 

Museo de La Plata (MLP); Museo Nacional de Historia 

Natural, Montevideo (MNHNM), Fundacao Zoobotanica 

de Rio Grande do Sul, Porto Alegre, Brazil (FZBRGS): 

and the United States National Museum, Smithsonian In- 

stitution, Washington, D.C. (USNM). Some specimens 

housed in the MLP do not have catalog numbers, nor do 

any of those in the Museum National d’ Histoire Naturelle, 

Paris (MNHN). 

Other collections were also studied, primarily for type 

specimens: Philippi’s collection in the Museo Nacional de 
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Historia Natural, Santiago, Chile (MNHNS); d’Orbigny’s 

collection in The Natural History Museum, London 

(NHM, formerly BMNH); Strebel’s collections from the 

Schwedischen Siidpolar-Expedition in the Swedish Muse- 

um of Natural History, Stockholm (SMNH), and in the 

Zoologisches Institut und Zoologisches Museum der Univ- 

ersitat Hamburg (ZMH), Rochebrune’s and Mabille’s col- 

lections in MNHN; and von Martens’ and Thiele’s types 

at the Zoological Museum of Berlin, Germany (ZMB). Fi- 

nally, several historical specimens from the Auckland In- 

stitute and Museum, New Zealand (AIM), and Museum of 

New Zealand Te Papa Tongarewa, Wellington (NMNZ) 

were examined for comparative purposes. 

All records are arranged geographically, first by coun- 

try, next by latitude from north to south, then by the off- 

shore groups of islands. For the convenience of the read- 

er, most of the localities cited in the text are shown in 

Figure 142. 

Live specimens of Notocochlis isabelleana were col- 

lected during the tide at Puerto Quequén, Buenos Aires 

province (38°37'S—8°50'W); Puerto Lobos, Chubut prov- 

ince (42°00'S, 65°02'’W); and Puerto Piramides, Chubut 

province (42°35’S—64°17'W). “‘Natica”’ limbata was col- 

lected in the intertidal zone at Puerto San Sebastian, Ti- 

erra del Fuego province, Argentina. The remaining ma- 

terial studied comprises museum specimens, dry and pre- 

served. For several species, I have also provided “‘Liter- 

ature Records” that document the geographic range, 

particularly those species with broad ranges. However, I 

have not examined all of the voucher specimens to verify 

these species identifications. 

Radulae and jaws were prepared by the Solem method 

(Solem, 1972). Scanning Electron Microscope (SEM) 

photographs were taken using the facilities of the MLP 

and USNM. 

HIGHER-LEVEL CLASSIFICATION 

Kilburn (1976:831, 855), Marincovich (1977:174) and Ma- 

jima (1989:24, 72), among others, considered the presence 

of a calcareous operculum to be a major phylogenetic dif- 

ference between the subfamilies Naticinae and Polinicinae. 

However, Dell (1990:135—139) stated that this character 

had limited utility. For example, Notocochlis isabelleana 

has an operculum with a thick calcareous layer covering 

the basal corneous layer, while Tectonatica impervia and 

N. limbata have a thinner calcareous layer that is external 

to, and partially covers, the corneous layer, leaving the 

opercular nucleus uncovered by the calcareous layer. Eus- 

pira patagonica and E. falklandica have a completely cor- 

neous operculum with a weak, shallow and incomplete ex- 

ternal layer of calcareous deposits. This variation in the 

extent and thickness of the calcareous deposits over the 

corneous layer of the operculum suggests that this feature 

may be unreliable. Kabat (1998:790) concluded that the 

nominal subfamilies Ampullospirinae and Polinicinae con- 
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stituted paraphyletic grades, not monophyletic clades. 

Pending further phylogenetic analyses, I tentatively clas- 

sify those species with a complete, thick and compact cal- 

careous layer in the Naticinae and those lacking such a 

calcareous operculum in the Polinicinae, except for the 

genera Amauropsis and Kerguelenatica which are referred 

to the subfamily Ampullospirinae. 

Powell (1951:115—116) and Dell (1990:138—-139) dis- 

cussed the taxonomic importance of the radula, particu- 

larly the number of cusps of the marginal teeth. However, 

Bouchet and Warén (1993:757) discussed the ontogenetic 

variation of the marginal teeth in this family and con- 

cluded that the taxonomic value of this character was low. 

The generic assignments in this work are rather con- 

servative, pending further phylogenetic revision of this 

family. At present, the total number of valid naticid spe- 

cies in the southwestern Atlantic region remains un- 

known. 

SYSTEMATIC DESCRIPTIONS 

Superfamily NATICOIDEA Guilding, 1834 

Family NATICIDAE Guilding, 1834 

Subfamily NATICINAE Guilding, 1834 

Although this family-level name is commonly attributed 

to “Forbes, 1838,” it was first established four years pre- 

viously by Guilding (Kabat, 2000:352). 

Genus Notocochlis Powell, 1933 

Type species: Cochlis migratoria Powell, 1927, by orig- 

inal designation. 

Hitherto, the genus Natica Scopoli, 1777, was indis- 

criminately used for the majority of species of Naticinae 

with other genus-level names sometimes used as subgen- 

era of Natica. Kabat (2000:357—58, 364) briefly differ- 

entiated Natica from Notocochlis and several other nati- 

cine genera. 

Notocochlis isabelleana (d’Orbigny, 1840) 

Figures 1—14 

Natica isabelleana d’ Orbigny, 1840:402, pl. 76, figs. 12, 13; 

d’Orbigny, 1842:154; Tryon, 1886:28, pl. 8, fig. 51; 

Carcelles, 1944:245; Castellanos, 1970:55, pl. 3, fig. 6; 

Pol litzer, 1980:312; Pastorino, 1995:9, pl. 2, fig. 14. 

Natica canrena senus Carcelles, 1944:245, pl. 1, fig. 21, 22; 

Castellanos, 1970:57, pl. 3, fig. 1, non Naticarius can- 

rena (Linnaeus, 1758). 

Natica limbata sensu Rios, 1985:67, pl. 24, fig. 295; Abbott 

& Dance, 1986:109, fig. 9; Rios, 1994:80, pl. 26, fig. 

309, non “‘Natica”’ limbata d’Orbigny, 1837. 

Diagnosis: Shell medium sized, smooth. Umbilicus nar- 

row, open; umbilical callus always present; sulcus 

straight; funicle moderately developed; basal lip slightly 

thickened. Operculum completely calcified. 
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Figures 1-11. Notocochlis isabelleana d@ Orbigny, 1840. Figures 1—2. Lectotype NHM 1854.4.377, Maldonado, Uruguay. Figures 3— 

4. MLP unnumbered, Puerto Lobos, Rio Negro. Figure 5. Operculum. Figures 6—7. MLP 5163, Puerto Piramides, Chubut, Argentina. 

Figure 8. MACN-In 35955 San Antonio Oeste, Rio Negro. Figures 9-10. Apical and apertural view of two embryo shells, SEM, from 

Puerto Pirdmides, scale bar = 100 pm. Figure 11. Spawn from Puerto Piramides, scale bar = 1 cm. Scale bar for all shells = 1 cm. 

Description: Shell (Figures 1—4, 6—8) medium sized, glo- 

bose, spire moderately elevated, with about four to five 

whorls; body whorl well developed; shell thickness av- 

erage for genus; protoconch of about 1.5 whorls, smooth, 

without ornamentation, transition to teleoconch impercep- 

tible. Suture distinctly impressed. Axial sculpture limited 

to oblique incremental growth lines, which are more dis- 

tinct just below the suture. Parietal callus thin, filling pos- 

terior apertural angle; lobe of anterior parietal callus 

small. Umbilicus narrow, always open; umbilical callus 

moderate to small in size, always present; sulcus mod- 

erately excavated, straight (channel narrow, overtaking 
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Figures 12-14. Notocochlis isabelleana d Orbigny, 1840. Figure 12. Radula, frontal view, scale bar = 100 ym. Figure 13. Internal 

view of the Jaws, scale bar = 500 pm. Figure 14. Detail of the jaws edge, scale bar = 100 ym. 

anterior internal lip without notch); funicle moderately 

developed; basal lip slightly thickened. Aperture large, 

semicircular. 

Color of fresh specimens variable, ranging from bluish 

white to gray; some specimens (usually from Brazil) have 

four dark and light spiral bands; light spiral bands with 

axial, light brown, chevron-shaped lines, especially on the 

last whorl. Some specimens have a thin, olivaceous perio- 

stracum. 

Operculum semicircular, solid, completely calcified, 

paucispiral, covering the entire aperture. Internal oper- 

cular sculpture of slightly developed but clearly marked 

growth lines; growth lines covering whole surface; slight 

spiral groove along outer margin; calcified granulose zone 

in the center of operculum; inner and outer margins 

smooth (Figure 5). 

Radulae taenioglossate 2—1—R—1—2, rachidian teeth 

trapezoidal with three sharp cusps, the central one slightly 

larger than the laterals, anterior side of base straight, pos- 

terior slightly convex centrally and concave at tips, end- 

ing in two sharp lateral processes. Two lateral teeth, one 

on each side of central, with two to five cusps of which 

the central is three times larger than the lateral cusps, 

inner edge with a conspicuous prolongation. Two mar- 

ginal teeth curved towards rachidian; inner bifid with 

similarly sized cusps and outer moderately hook-shaped 

(Figure 12). 

Jaws pyriform; rods elongated, virgula shaped, diago- 

nally arranged (Figures 13-14). 

Type locality: Herein restricted to Maldonado, Uruguay, 

the location of the lectotype. 

Type material: The type lot, NHM 1854.12.4.377, from 

Maldonado (Uruguay), has three specimens. However, 

only one specimen (length = 31.6 mm; width = 29.9 

mm) corresponds to d’Orbigny’s original measurements, 

description and illustration, and is herein selected as the 

lectotype (Figures 1—2). The other two specimens are ap- 

parently mixed in from another lot (K. Way, in Jitt.), since 

they do not correspond to the description of N. isabel- 

leana. Further, d’Orbigny’s description did not indicate 

the number of specimens. These two specimens are un- 

questionably Natica limbata d’Orbigny, 1837. Aguirre 

(1993:29), who synonymized both species, mistakenly 

designated one of the N. limbata specimens as the lec- 

totype of N. isabelleana. I conclude that Aguirre’s lec- 

totype designation is invalid, pursuant to ICZN Article 

74.2 (“Lectotype found not to have been a syntype. If it 

is demonstrated that a specimen designated as a lectotype 

was not a syntype, it loses its status of lectotype.”’). In- 

stead, the specimen herein figured (Figures 1—2) is the 

only specimen that exactly matches d’Orbigny’s descrip- 

tion and measurements and is herein selected as the lec- 

totype in order to stabilize the nomenclature of this spe- 

cies. 

Additional material examined: URUGUAY: La Paloma, 

Rocha (FZBRGS 21172, 20837, 20835, 20942, 20993; 

MACN-In 17542); Cabo Santa Maria (MACN-In 15295- 

a); Maldonado (NHM_ 1854.12.4.377). ARGENTINA: 

Buenos. Aires (MACN-In 10408); Cabo San Antonio, 

Buenos Aires (MACN-In 16305); Monte Hermoso, 

Buenos Aires (MACN-In 9209; MACN-In 11240; MLP 

3260): Mar del Plata, Buenos Aires (MACN-In 8904; 

MACN-In 9155; MACN-In 10299; MACN-In 11369; 

MACN-In 11986; MACN-In 11551; MACN-In 10321; 

MACN-In 10734; MACN-In 10108; MACN-In 16674; 

FZBRGS 15119; MACN-In 9361-50); Miramar, Buenos 
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Aires (MACN-In 8451-24; MACN-In 9247-5; MACN— 

In 16337); 37°13’, 55°58’W in 50 m, Buenos Aires 

(MACN-In 24247); Fondos de Querandi, Buenos Aires 

(MACN-In 14332); 37°36'2”S, 57°05'03”W in 113 m, 

Buenos Aires (MACN-In 24232); Puerto Quequén, 

Buenos Aires (MACN-In 9368-35; MACN-In 21065 [in 

51-58 m]; MACN-In 13031); Punta Carballido, Que- 

quén, Buenos Aires (MACN-In 26278); Puerto Belgrano, 

near Bahia Blanca, Buenos Aires (MACN-In 11241; 

MACN-In 11338; MACN-In 6620-15); Bahia San Blas 

in 9—27 m, Buenos Aires (MACN-In 20250); Rio Colo- 

rado, Buenos Aires (MLP 1378); Mouth of Rio Negro, 

Rio Negro (MLP 3945); Puerto San Antonio Oeste, Rio 

Negro (MACN-In 9380-1; MLP 3670); Playa de San An- 

tonio, Rio Negro (MACN-In 9152-11); Punta Villarino, 

San Antonio Oeste, Rio Negro (MACN-In 9379-22); San 

Antonio Oeste, Rio Negro (MACN-In 35955); Puerto 

Lobos, Rio Negro (MLP 5220; MLP 2377); 41°04’S, 

60°03'W, Golfo San Matias, Rio Negro (MACN-In 

18406); 41°12’S, 62°54’W in 27 m (MACN-In 20654); 

41°44’6"S, 63°36'4"W, Rio Negro (MACN-In 30536); 

Golfo San Matias, Rio Negro (MACN-In 21298; 

FZBRGS 23465); Puerto Piramides, Chubut (MLP 5163); 

Punta Norte, Chubut (MACN-In 11483; MACN-In 

9158-4); Puerto Madryn, Chubut (MACN-In 10959; 

MACN-In 9171-19; MACN-In 9052; MLP 3914; 

MACN-In 22476 [in 18 m]); “Atlantic coast of Argen- 

tina” (MACN-In 29653). 

Distribution: Rio de Janeiro (Brazil) to Golfo Nuevo, 

Chubut (Argentina). It is a common mollusk species in 

the Argentine malacological province. 

Remarks: The misidentifications by Rios (1985, 1994), 

Abbott and Dance (1986), and Aguirre (1993) could have 

arisen from the mixture of two species in the type lot of 

N. isabelleana. 

Castellanos (1970) and Carcelles (1944) confused N. 

isabelleana with Naticarius canrena Linnaeus, 1758, a 

tropical western Atlantic species. However, the latter spe- 

cies has an umbilicus with a large callus, a sharply 

grooved operculum, a much glossier color pattern, a dis- 

tinct radula, attains a much larger size, and has never 

been collected in Argentine waters. 

The spawn of this species, typically a circular ribbon 

of agglutinated sand grains containing the embryos, is 

usually found in Puerto Piramides, Chubut (Argentina) at 

low tide during the southern spring and summer (i.e., No- 

vember to February) on sandy substrates (Figure 11). The 

embryos inside the sand collar are microscopic (115 X 

160 microns in shell height and width), and presumably 

hatch as planktotrophic veligers, given their small size 

(Figures 9-10). A complete description of this sand collar 

and its embryos is in preparation. 
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Genus uncertain 

“Natica”’ limbata d@ Orbigny, 1837 

Figures 15—26 

Natica limbata d@ Orbigny, 1837:pl. 57, figs. 7-9; 1840:402; 

Strebel, 1906:132, pl. 11, figs. 68, 68a—d; Castellanos, 
1970:56, pl. 3, fig. 7; Scarabino, 1977:185, pl. 2, fig. 7. 

Natica atrocyanea Philippi, 1845a:64, 1845b:41, pl. 2, fig. 

1; Rochebrune & Mabille, 1889:H32; Hupé in Gay, 

1854:221; Strebel, 1906:136; Castellanos, 1970:57, pl. 

3)5 10s, Ze 
Falsilunatia limbata (d’Orbigny, 1837). Castellanos & Lan- 

doni, 1990:23, pl. 3, figs. 30a—b. 

Natica isabelleana sensu Aguirre, 1993:29, pl. 2, fig. 4, non 

Notocochlis isabelleana (d’Orbigny, 1840). 

Diagnosis: Shell large, globose, thin, bluish violet in col- 

or; parietal callus very thin. Umbilicus deep, open. Oper- 

culum with calcareous outer layer, but nucleus uncovered, 

corneous layer internal. 

Description: Shell (Figures 15-19, 21-23) large, thin, 

globose; spire elevated with about six whorls; protoconch 

unknown (eroded). Suture clearly impressed. Spiral or- 

namentation of thin microscopic threads covering entire 

surface. Parietal callus very thin or absent. Umbilicus 

deep, open except where covered by the internal lip. Ap- 

erture large, about half total length of shell, inner margin 

moderately sigmoidal, outer margin thin and sharp. 

Color of fresh shells bluish violet, usually glossy, some 

specimens a drab white or reddish with a white line in 

the subsutural and umbilical regions; shell interior glossy 

brown; periostracum yellowish brown. Worn shells dark 

blue and dull. 

Operculum with a thin and complete outer calcareous 

layer, frequently eroded in dead specimens, revealing the 

basal corneous layer; calcareous layer significantly thin- 

ner at its external edge. Internal margin with a recurved 

edge that aligns with the columellar margin of the aper- 

ture. Operculum nucleus, not covered by the calcareous 

layer, close to the internal margin. Suture distinct between 

the corneous and calcareous layers. Internal corneous lay- 

er with an opaque and well-defined internal attachment 

scar (Figure 20). 

Radulae taenioglossate, 2—1—R-—1—2, rachidian teeth 

trapezoidal with (commonly) three cusps, the central larg- 

er than laterals; some specimens have two or three small 

lateral cusps. Anterior side of base moderately concave, 

posterior convex with two sharp lateral processes; lateral 

edge with two more conspicuous prolongations. Lateral 

tooth with well developed central cusp and usually two 

short cusps on either side of the central. Two marginals; 

inner bifid, one cusp longer than the other, the other sim- 

ple and hook-shaped (Figure 26). 

Jaws subtriangular with rectangular and extreme elon- 

gated rods, arranged regularly on the anterior side (Fig- 

ures 24—25). 

Distribution: Buenos Aires province (southern) to the 
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Figures 15—23. ‘“‘Natica” limbata dOrbigny, 1837. Figures 15—16. Lectotype NHM 1854.12.4.376, Bahia San Blas, Buenos Aires. 

Figure 17. MACN-In 35954, Bahia de San Sebastian, Tierra del Fuego. Figure 18-19. Natica atrocyanea Philippi, 1845, holotype, 

MHNS unnumbered, Straits of Magellan. Figure 20. Operculum, external view. Figures 21-23. MACN-In 35954, Bahia de San Sebas- 

tian, Tierra del Fuego. Scale bar = 1 cm. 

Patagonian coast; Tierra del Fuego; Straits of Magellan; 

in shallow to intertidal waters. 

Type localities: Bahia San Blas, Buenos Aires, Argentina 

[N. limbata]; Straits of Magellan [N. atrocyanea]. 

Type material: The syntype lot of N. limbata, NHM 

1854.12.4.376, has 11 specimens. The only syntype with 

an intact operculum is herein designated as lectotype to 

stabilize nomenclature and enhance our understanding of 

this species (Figures 15—16). The holotype of N. atrocy- 

anea is deposited in MNHNS (Figures 20-21). 

Additional material examined: ARGENTINA: Bahia 

San Blas, Buenos Aires Province, Argentina, (NHM 
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Figures 24-26. ‘‘Natica” limbata d’Orbigny, 1837. Figure 24. Jaws, scale bar = 1000 wm. Figure 25. Detail of jaws showing rods, 

scale bar = 100 pm. Figure 26. Radula, scale bar = 100 pm. 

1854.12.4.376); Monte Hermoso, Buenos Aires (MLP 

3617); Puerto Belgrano, Buenos Aires (MACN-In 

11343); Puerto Deseado, Santa Cruz (MLP 1602); Straits 

of Magellan, (MLP 2599); Bahia Punta Basilica, San Se- 

bastian, Tierra del Fuego (MLP 5218); Playa Punta Ba- 

silica, Bahia San Sebastian (MACN-In 35954), Tierra del 

Fuego; Puerto San Sebastian, Tierra del Fuego; (MLP); 

(MACN-In 12547); Santa Cruz (MLP); Cabo Buen 

Tiempo (MLP); Santa Cruz (SMNH 455); Boca del Rio 

Sauce (MLP 3265); Costa de Tierra del Fuego (MACN— 

In 12548); Playa del Rio del Fuego, Rio Grande, Tierra 

del Fuego (MACN-In 12546). CHILE: Punta Arenas, 

Chile (MACN-In 12146); Chavunco, Punta Arenas, Chile 

(MACN-In 26532). 

Remarks: Sherborn and Woodward (1901) and Sherborn 

and Griffin (1934) determined the publication dates of 

d’Orbigny’s “Voyage dans l’Amerique Meridionale,”’ 

which was issued in parts over several years. For N. lim- 

bata, the illustration with a caption and the description 

were published in 1837 and 1840, respectively. The plate 

on which N. limbata is illustrated is a valid publication 

pursuant to ICZN Article 8 (1999). 

I agree with Strebel (1906:136), who synonymized Na- 

tica atrocyanea Philippi, 1845, with N. limbata, since 

Philippi’s description and type material are conspecific 

with N. limbata. 

Castellanos & Landoni (1990:23) transferred this spe- 

cies, without explanation, to Falsilunatia Powell, 1951. 

However, the radula, the operculum and the shell of N. 

limbata do not correspond with those of the species re- 

ferable to Falsilunatia. 

A. d’Orbigny’s original description noted that the shell 

of N. limbata resembled those of species classified in 

Lunatia (a synonym of Euspira, fide Kabat, 1991:431). 

However, the opercular morphology, which is quite dif- 

ferent from all species included in Euspira, excludes this 

species from Euspira. A rather conservative place is 

granted to this species, which probably belongs to a new 

genus, but further research is required to determine its 

systematic position in the Naticidae. 

Genus Tectonatica Sacco, 1890 

Type species: Natica (Tectonatica) tectula Sacco, 1890, 

by monotypy. 

Tectonatica impervia (Philippi, 1845) 

Figures 36—45 

Natica impervia Philippi, 1845a:65; 1845b:42, pl. 2, fig. 6; 

Hupé in Gay, 1854:221; Tryon, 1886:31, pl. 9, fig. 66; 

Rochebrune & Mabille, 1889:H34, pl. 3, fig. 7; Strebel, 

1906:134, pl. 11, fig. 60—-60a; Strebel, 1908:61; 
Melvill & Standen, 1912:348; Carcelles, 1950:58. 

Natica impervia var. major Strebel, 1908:61, pl. 5, fig. 62a, b. 

Natica acuta Philippi, 1845a:65; 1845b:41—42, pl. 2, fig. 3, 

non Natica acuta Deshayes, 1838. 

Natica Philippiana Nyst, 1845:153 (non Reeve, 1855), re- 

placement name for N. acuta Philippi, 1845, non De- 

shayes, 1838. 

Natica obturata Philippi, 1855:208; Philippi, 1857:165; 

Strebel, 1906:135. 

Natica payeni Rochebrune & Mabille, 1885:104, 1889:H32, 

pl. 3, fig. 6; Carcelles & Williamson, 1951:283. 

Tectonatica impervia (Philippi, 1845).—Powell, 1951:122, 
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Figures 27-42. Kerguelenatica bioperculata Dell, 1990. Figure 27-28. Natica grisea Martens, 1878, holotype, ZMB Moll 25618, 

Rhodes Bay, Kerguelen Is. Figure 29-30. SMNH 2374, Malvinas Is. Figure 31. MORG 17932, 38°06'S—55°13'W in 51 m. Figure 32. 

Detail of the umbilical area. Figures 33-34. MACN-In 25161, 37°35'S—54°55'W in 192 m. Figure 35. SMNH 2374, Malvinas Is. Figures 

36-42. Tectonatica impervia Philippi, 1845. Figure 36: MORG 17932, 38°06'S—55°13'’W in 51 m. Figures 37-38. Natica payeni 

Rochebrune and Mabille, 1885, syntype, Tierra del Fuego. Figures 39—40. Natica payeni Rochebrune and Mabille, 1885, syntype. 

Figures 41-42. MACN-In 24973, 55°41'S—66°34'’W in 113 m. Scale bar = | cm. 
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Figures 43-45. Tectonatica impervia Philippi, 1845. Figure 43. Jaws, MACN-—In 22509, Puerto Crossley, Isla de los Estados, scale 

bar = 1000 pm. Figure 44. Detail showing rods of jaws, scale bar = 100 pm. Figure 45. radula, MACN-In 22509, scale bar = 100 

pum. 

pl. 10, fig. 62, J46; Carcelles, 1953:184, pl. 2, fig. 48; 
Powell, 1960:145; Cantera & Arnaud, 1985:61; Dell, 

1990:163—164, figs. 246-274; Castellanos & Landoni, 

1990:24, pl. 3, fig. 31c, b. 

Tectonica [sic] impervia (Philippi, 1845). 

liamson, 1951:283. 

Carcelles & Wil- 

Diagnosis: Shell small, smooth; parietal callus thick, cov- 

ered by umbilical callus. Operculum paucispiral, thick, 

smooth, calcareous except for corneous nucleus. 

Description: Shell (Figures 36—42) small to medium 

sized, suboval to subquadrangular; protoconch smooth, 

not ornamented, without perceptible transition to teleo- 

conch. Spire very short of about 4.5 whorls, last whorl 

moderately convex, two times larger than penultimate 

whorl. Suture adpressed. Axial ornamentation limited to 

thin growth lines. Parietal callus thick, filling posterior 

umbilicus, and entirely covered by semicircular umbilical 

callus or chink. Aperture semicircular, internal lip 

straight, external thin and sharp. 

Color of fresh shells drab to glossy white, periostracum 

(when present) yellowish gray. 

Operculum paucispiral, thick, smooth, calcareous ex- 

cept for corneous nucleus, covering the whole aperture, 

margins smooth. Opercular ornamentation limited to thin 

growth lines (Figure 36). 

Radulae taenioglossate, rachidian with three cusps, 

central one significantly larger than the other two, lateral 

tooth with a large central cusp, two small cusps and sev- 

eral vestigial cusps. Two marginals; inner thick and bifid, 

with tips of different lengths; outer simple, thin and elon- 

gated (Figure 45). Powell (1951:122) described what he 

called a “‘reversal of the usual arrangement,”’ i.e., a sim- 

ple and long inner marginal tooth and a bifid outer mar- 

ginal; Dell (1990:163) concluded that both marginals 

were single cusped. 

Jaws subtriangular; rods elongated, arrow shaped (Fig- 

ures 43-44). 

Type locality: Straits of Magellan [N. impervia, N. acuta, 

and N. obturata]; Paulet Is., 63°36'S, 55°48'W [N. im- 

pervia var. major]; Tierra del Fuego [N. payeni]. 

Type material: Natica impervia, N. acuta, N. obturata 

unknown, probably lost, not extant in Philippi’s collection 

(MHNS). Two syntypes of Natica payeni are housed at 

MNHN (Figures 37—40). 

Additional material examined: ARGENTINA: 

37°35'S—4°55'W in 192 m (MACN-In 25161-1); 

38°06'S—55°13'W in 460 m (partin MORG 17932); 

Straits of Magellan (USNM 96203); Puerto Crossley, Isla 

de los Estados in 15 m (MACN-In 22509-1); Puerto San 

Juan, Isla de los Estados (MACN-In 22168-1); Puerto 

Roca, Isla de los Estados in 18 m (MACN-In 21977-1): 

Puerto Cook in 36 m (MACN-In 22084); Isla Observa- 

torio, Puerto Olla in 18-36 m (MACN-In 22038-1): 

54°55'S—65°57'W in 17 m (MACN-In 23894); Tribune 
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Bank, Patagonia (NHM 1332); Bahia Crossley, Isla de 

los Estados (MLP 4357); Rada de Isla Picton, Canal Bea- 

gle in 55-82 m (MACN-In 23986); 54°49’S—65°15'W, 

Bahia Buen Suceso, Tierra del Fuego (MACN-In 21397); 

54°39'S—64°06’W in 28 m (MACN-In 22637); 55°07’S— 

66°33'’W in 82 m (MACN-In 23941); 55°41'S—66°34’ W 

in 113 m (MACN-In 24973); Ushuaia (MACN-In 19840 

and 13584-1). CHILE: Puerto Harris, Isla Dawson, Chile 

(MACN-In 12436); Isla Nueva, Chile (NHM 1316). 

Literature records: 54°43'S—64°08'W in 36 m (Strebel, 

1908); Smyth Channel, Long Island (14.6 m), Gente 

Grande, Straits of Magellan (5.5 m); Tribune Bank; Ush- 

uaia, Ebbestrand; Isla Nueva, Puerto Toro (55 m); Strait 

Le Maire; Falkland [Malvinas] Is. (2 m) (Strebel, 1906); 

Burdwood Bank, Falkland [Malvinas] Is. area (102 m) 

(Melvill & Standen, 1912); R/V Discovery St. 51, off 

Eddystone Rock, East of Falkland [Malvinas] Is. (105— 

115 m); St. 159, off South Georgia, 53°52'30"S, 

36°08'00"W (160 m); St. WS795, North of Falkland 

[Malvinas] Is. 46°14’S, 60°24’W (157-161 m); St. WS 

838, 53°11'45”S—65°00'00"W (148 m) (Powell, 1951); 

Crozet and Kerguelen Is. (104—585 m) (Cantera & Ar- 

naud, 1985). 

Distribution: Tierra del Fuego, Staten Island, Straits of 

Magellan, Malvinas Is., Burdwood Bank. This species 

was also collected at a substantial depth (460 m), off Mar 

del Plata, Buenos Aires province, in the deep water Mal- 

vinas cold current. Cantera & Arnaud (1985:61) cited this 

species from Kerguelen and Crozet Islands. Except for 

the latter records, which I consider doubtful, this species 

is restricted to the Magellanic area. 

Remarks: The generic placement of 7. impervia is prob- 

lematic, since the type species of Tectonatica is a Euro- 

pean fossil for which the operculum is unknown (Mar- 

incovich, 1977:405). However, 7. impervia resembles 

other Recent species currently classified in Tectonatica. 

Marincovich (1977:405) and Bouchet & Warén (1993: 

764) distinguished this genus from Cryptonatica based on 

differences in the umbilical region, i.e., the degree to 

which the umbilicus is filled with the umbilical callus. 

Yet, 7. impervia demonstrates a considerable range of 

variation in that character. Kilburn (1976:845—847) illus- 

trated the operculum and radula of Tectonatica tecta. The 

operculum of that species has a complete calcareous lay- 

er, including the nucleus, and is smooth with only growth 

lines on its surface; whereas the rachidian tooth is similar 

to T. impervia. At present, T. impervia will be classified 

in Tectonatica, pending further revision of the Recent 

species referred to this genus. 

Natica acuta Philippi is a junior homonym of N. acuta 

Deshayes, 1824; Nyst (1845) proposed N. philippiana as 

a replacement name. Nevertheless, Natica acuta Philippi 

falls within the normal range of variation of T. impervia. 

Natica obturata Philippi, 1845, which differs from typical 
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T. impervia solely in its higher and more acute spire, is 

also herein synonymized. Strebel (1908) and Lamy 

(1910:322) concluded that Natica payeni Rochebrune & 

Mabille was quite similar to 7. impervia; Dell (1990:164) 

synonymized it with 7. impervia. 

Subfamily Polinicinae Finlay & Marwick, 1937 

Genus Falsilunatia Powell, 1951 

Type species: Natica soluta Gould, 1847, by original 

designation. 

Falsilunatia soluta Gould, 1847 

Figures 46—55 

Natica soluta Gould, 1847:239; 1852:215, pl. 15, figs. 257, 

257a; 1862:50, 244; Tryon, 1886:39, pl. 9, fig. 71; 

Doello-Jurado, 1918:122; Johnson, 1964:150. 

Natica soluta Gould, 1847 “‘form B” Strebel, 1906:138, pl. 

11, fig. 61, 61a, 62b. 

Polynices solutus (Gould, 1847). Carcelles, 1950:58, pl. 2, 

fig. 26. 

Falsilunatia recognita sensu Powell, 1951:26, fig. 148, non 

Natica recognita Rochebrune & Mabille, 1889. 

Falsilunatia soluta (Gould, 1847). Powell, 1951:119; Car- 

celles & Williamson, 1951:281; Powell, 1960:145; Can- 

tera & Arnaud, 1985:60; Dell, 1990:147-148. 

Diagnosis: Shell oval, spire short, last whorl inflated; pa- 

rietal callus thick with central constriction. Umbilical cal- 

lus weak. Operculum totally corneous. 

Description: Shell (Figures 46-51) medium sized, oval, 

solid, thick; spire short with four convex whorls with a 

weak subsutural ramp, the last whorl moderately inflated. 

Protoconch with one nuclear whorl. Suture impressed. 

Axial sculpture of very weak incremental growth lines; 

shallow, microscopic, spiral threads covering entire sur- 

face. Parietal callus thick with central constriction that is 

characteristic of the species. Umbilicus moderately open, 

umbilical callus very weak. Anterior internal lip thick- 

ened; external lip thin; basal lip moderately thickened and 

slightly reflected. 

Operculum paucispiral, oval, enlarged, entirely corne- 

ous, transparent, brownish, entirely covering the aperture 

(Figure 53). 

Radula taenioglossate, hemispherical rachidian tooth 

with a prominent central cusp and two vestigial cusps. 

Rachidian base with two lateral prolongations and two 

conspicuous central denticles. Lateral tooth with only one 

sharp cusp. Marginals two, inner sharp and simple with 

a short subsidiary cusp; outer longer, thinner and simple 

(Figures 54-55). 

Jaws subquadrangular, with vertically arranged polyg- 

onal to trapezoidal rods (Figure 52). 

Type locality: Probably southern coast of South America 

[N. soluta] (Johnson, 1964:150). The neotype, AIM 
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Figures 46-55. Falsilunatia soluta Gould, 1847. Figures 46-50. MACN-In 22747, 54°53'S—64°17'W in 212 m. Figure 51. AIM 

101177 (off Eddystone Rock, East Falkland Island). Scale bar for shells = 1 cm. Figure 52. MACN-In 22747, scale bar = 500 pm. 

Figure 53. Operculum. Figure 54. Rachidian tooth, scale bar = 100 pm. Figure 55. Radula without the right marginals teeth, scale bar 

= 100 pm. 
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101177, is from off Eddystone Rock, East Falkland [Mal- 

vinas]| Island, Station 51. 

Type material: Not extant, presumably lost or never de- 

posited (Johnson, 1964:32). Neotype, AIM 101177, here- 

in designated. 

Additional material examined: URUGUAY: 100 miles 

far south Lobos Island, Uruguay (MNHN 7269); AR- 

GENTINA: 52°52'S—75°18'W, R/V Eltanin St. 288 Cr. 

21, in 119 m, Blake trawl (USNM 870099); 53°57S— 

55°54W in 1886 m, R/V Eltanin St. 377, Cr. 6, Blake 

trawl (870229), 54°34'S—64°20’W in 91 m (USNM 

89094); 54°45'S—65°04'W in 75 m (USNM 869103); 

54°53'S—64°17'W in 212 m (MACN-In 22747); 55°41'S— 

66°34'W in 115 m (MACN-In 24973-2); Puerto Roca, 

Isla de los Estados in 18 m (MACN-In 21977): (off Ed- 

dystone Rock, East Falkland [Malvinas] Is., Stn. 51 (AIM 

101177); west of Falkland [Malvinas] Island, Stn. 244, 

52°00'S—62°40'W (AIM 101178) (Powell, 1951); Ushua- 

ia (MNHM 422). 

Literature records: R/V Discovery: St. 48, 8.3 miles N 

53°E of William Point Beacon, Port William, Falkland 

[Malvinas] Is. in 105-115 m; St. 51 off Eddystone Rock, 

East Falkland [Malvinas] Is. 115 m; St. WS 244 West of 

Falkland [Malvinas] Is. 52°00'S—62°40'W in 247 m; St. 

WS 808, 49°40'15"S—65°42'W in 109-107 m:; St. WS 817 

52°23'S—64°19'W in 191-202 m; St. WS 766 45°13’S— 

59°56'30"W in 545 mas *‘Falsilunatia recognita (Roche- 

brune & Mabille)” (Powell, 1951); Molyneux Sound; 

Punta Arenas; Rio Seco in 18—36 m; Bahia Inutil in 18— 

55 m; Ushuaia, Picton Is. in 6 m, Puerto Eugenia, Nav- 

arino Is., Chile in 18—27 mas N. soluta Gould *“‘form B” 

Strebel, 1906. 

Distribution: According to Dell (1990:147), the latitu- 

dinal range of this species is from 37°S (Buenos Aires 

province, Argentina) to Antarctica. However, the tentative 

or questionable species assignments in other publications 

cast doubt upon its actual distribution. Based upon the 

range as limited by Powell (1951:119) and the specimens 

personally examined for this study, F. soluta is uncom- 

mon and occurs only in the southern part of Patagonia, 

Tierra del Fuego, Staten Island and the Malvinas Islands. 

Thus, it is herein considered to be limited to the Magel- 

lanic fauna. Cantera & Arnaud (1985:60) recorded F. so- 

luta from Kerguelen and Crozet Islands; those records are 

probably misidentifications of N. fartilis Watson, 1881, 

since F. soluta is not found outside the Magellanic region. 

Remarks: Gould described N. soluta in 1847 but the il- 

lustration was not published until 1852. Sherborn (1930: 

6022) gave the publication date as *1848(1847)”, which 

was followed by Dell (1990:147—148) and Kabat (1991: 

429). Since Johnson (1964:150) used “1847,” the volume 

containing the original description was examined, and it 

was determined that Gould’s paper was published in fas- 
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cicle 20 (pages 225-240), dated July 1847, and the next 

issue, fascicle 21, was dated August 1847, so an 1847 

publication date is warranted for this species. 

Powell (1951:119) described the genus Falsilunatia, 

which he differentiated on the basis of the radular mor- 

phology of N. soluta. Powell also considered N. recognita 

Mabille & Rochebrune to be a distinct species because 

of minor differences in the radula and the parietal callus. 

Dell (1990:148) concluded that the type specimens of N. 

recognita were conspecific with F. soluta. In fact, a care- 

ful study of the syntypes leads to the conclusion that N. 

recognita is actually a junior synonym of Euspira pata- 

gonica (Philippi, 1845), as discussed below. 

Strebel’s “‘form B” (1906:140) agrees in all respects 

with F. soluta. Strebel’s other two nominal forms, “‘form 

A” and “‘form C,” instead seem closer to E. patagonica 

Philippi, 1845. 

The specimens cited by Dall (1908:335) as “*Polinices 

(Euspira) solutus’’ from Peru, southwestern Chile 

(USNM 97127) and the vicinity of the Straits of Magel- 

lan, are not conspecific. I have reviewed Dall’s speci- 

mens, and conclude that they should be referred to Ben- 

thobulbus (McLean, 1995:39). 

Dell (1990:figs. 250, 271) illustrated, using the name 

F. soluta, the shell of what is actually Euspira patagonica 

Philippi, 1845 and the radula of Falsilunatia. In fact, E. 

patagonica is a valid species with a radula that is com- 

pletely different from that of F. soluta, and it appears that 

Dell mixed the shell of one species with the radula of 

another species. 

Powell (1951:119) described the genus Falsilunatia 

based on the radula of the type species, but he never 

illustrated the specimen from which he obtained this rad- 

ula. This shell, AIM 101177 (Figure 51), is herein des- 

ignated as the neotype of Natica soluta in order to clarify 

the taxonomic status of the species, pursuant to ICZN 

Article 75.3 (1999). As the shell of F. soluta was un- 

known, it has been repeatedly misidentified with other 

naticids from the southern Ocean (e.g., Dell, 1990; Ca- 

tellanos & Landoni, 1990). 

The primary conchological differences that make F. 

soluta a valid species are its low spire with a short sub- 

sutural ridge, convex whorls with impressed suture, open 

umbilicus and constricted parietal callus, and distinctive 

radula and operculum. 

Genus Bulbus Brown in Smith, 1839 

Type species: B. smithii Brown in Smith, 1839, by mon- 

otypy. 

Bulbus carcellesi Dell, 1990 

Figures 56—69 

Natica globosa King & Broderip, 1832:344; Carcelles & 

Williamson, 1951:282, non N. globosa Grateloup, 1827. 
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Figures 56-65. Bulbus carcellesi Dell, 1990. Figure 56. USNM 860110, R/V Eltanin St. 974, 53°32'S—64°57'W in 119-124 m. Figures 

57-59. MACN-In 22168, Puerto San Juan, Isla de los Estados, three views of shell. Figure 60. Operculum of the same shell from 57— 

59. Figures 61—62. Natica globosa King and Broderip, 1832, NHM 1976107, holotype, Cape Gregory. Figures 63-65. MACN-In 12545, 

Bahia de San Sebastian, Tierra del Fuego. Scale bar = | cm. 

Natica sp. Castellanos & Landomi, 1990:pl. 3, fig. 32. spiral sculpture of very weak and closed threads. Parietal 
Bulbus carcellesi Dell, 1990:155—156, fig. 259; Linse, 2002: : ; 2 callus usually thin, low; some specimens with thickened 

95, pl. 11, figs. 9.1.1.-81-83. parietal callus and basal lip. Umbilicus closed or slightly 

Diagnosis: Shell large, globose; parietal callus thin, Um- open. Umbilical callus very weak, moderately reflected, 
bilical callus weak, reflected, covering umbilicus. Oper- entirely covering umbilicus. External lip thin and sharp; 

culum corneous, transparent, thin. columella reflected and straight. Aperture oval, enlarged. 

Shell color drab whitish. 
Description: Shell (Figures 56-59, 61-62) large, globose, Operculum large, entirely corneous, paucispiral, trans- 
generally thin. Spire low, about five whorls, the last sig- parent, very thin, covering the whole aperture. Opercular 

nificantly globose. Suture sloping, well defined. Axial or- nucleus subterminal, lateral, sculpture of moderately de- 

namentation of regular oblique incremental growth lines, veloped growth lines (Figure 60). 



The Veliger, Vol. 47, No. 4 

Figures 66-69. Bulbus carcellesi Dell, 1990. Figure 66. Radula, MACN-In 22168, scale bar = 100 ym. Figure 67. Rachidian teeth, 

scale bar = 100 pm. Figure 68. Detail of the rods from jaws, scale bar = 100 pm. Figure 69. jaws, scale bar = 1000 pm. 

Radula similar to that of Falsilunatia soluta, rachidian 

tooth hemispherical, triangular with one large cusp, rach- 

idian base with two lateral processes and two denticles. 

Lateral tooth simple, marginals long, inner bicuspid with 

dissimilar sized cusps, outer shorter and simple (Figures 

66-67). 

Jaws large, subtriangular; rods short, subpolygonal 

with rounded edges; arranged diagonally (Figures 68—69). 

Type locality: R/V Eltanin 974, east of Tierra del Fuego, 

53°32'S, 64°57’W in 119-124 m [B. carcellesi]; Dell 

(1990) erroneously cited Station “944” instead of Station 

974. Cape Gregory, Straits of Magellan [N. globosa]. 

Type material: Holotype USNM 860110, R/V Eltanin 

St. 974, 53°32'S—64°57'W in 119-124 m (Figure 56); 

paratype NMNZ MEF 56601 [Bulbus carcellesi|; NHM 

1976107 holotype (very damaged) [Natica globosa] (Fig- 

ures 57-58). Although Dell (1990:157) provided mea- 

surements for two paratypes, the description specifies the 

existence of only one paratype, and I could not locate any 

other putative paratype(s). 

Additional material examined: 36°34'S—54°05'W in 64 

m (MACN-In 29654): 37°33'3"S—54°55'3"W in 192 m 

(MACN-In 25161-2); 37°52'S—55°10’'W (MNHNM 

7778), Mar del Plata (FZBRGS 14220); approximately 

39°S-58°W (MACN-In 32890): off Bahia Blanca in 200 

m, ex Rios FURG 9839 (MLP 5219); Puerto Deseado, 

Santa Cruz (MLP 5223); Playa Punta Sinaia, south of 

Cabo San Sebastian (MACN-In 12545); Puerto San Juan, 

Isla de los Estados (MACN-—In 22168): Isla de los Esta- 

dos (MACN-In 933-10); Punta Roca, Isla de los Estados 

in 18 m (MACN-In 21979): Puerto Presidente Roca, Isla 

de los Estados (MLP 4335); 53°32’S—64°57'W, in 128 m 

(USNM 869110); 54°54’S—63°56’W in 771-903 m 

(USNM 869092): 54°34'S—64°40'W in 84—85 m (USNM 

869105); 54°54'S—64°56'W in 122 m (USNM 869104); 

Patagonia (USNM 102586) (cited by Marincovich, 1977: 

293). 

Distribution: Off Buenos Aires, Santa Cruz and Tierra 

del Fuego provinces; Isla de los Estados. Dell (1990:157) 

cited this species from off the Malvinas Islands and the 

Patagonian shelf. It is probably also found in southern 

Chile. 

Literature records: Cape Gregory, Straits of Magellan, 

as N. globosa (King and Broderip, 1832); R/V Eltanin St. 

339, Burdwood Bank, 53°05’S, 59°31’W in 512-586 m:; 

St. 370, 53°54'S, 64°36'W in 104-115 m; St. 966, 

53°40'S, 66°20’W in 81 m; St. 967, 53°42’S, 66°03'W in 
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229-265 m; St. 976, 52°35’S, 65°08’W in 128 m; R/V 

Hero St. 470, 53°39.4’S, 70°55’W in 82 m (Dell, 1990). 

Remarks: Natica globosa King & Broderip, 1832, was 

never illustrated, which may explain why it was over- 

looked in the subsequent literature. In any case, that name 

is unavailable since it is a junior homonym of N. globosa 

Grateloup, 1827. The holotype of N. globosa King & 

Broderip 1832, NHM 1976107 (Figures 61—62), despite 

its poor condition, is clearly conspecific with Bulbus car- 

cellesi. 

Marincovich (1977:293) cited a single specimen from 

“Patagonia,” USNM 102586, which was labeled as **Po- 

linices (Euspira) crawfordianus Dall. Cotype. Patagon- 

ia.” He suspected that this specimen and another record 

of P. crawfordianus from southern Chile cited by Dall 

(1908:335—336) belonged to a different species. This ma- 

terial was studied anew and is herein identified as Bulbus 

carcellesi. 

Bulbus carcellesi has some variation in the thickness 

of the shell, the curvature of the callus, and the extent to 

which the umbilicus is open. 

Genus Kerguelenatica Powell, 1951 

Type species: Kerguelenatica bioperculata Dell, 1990 (= 

N. grisea von Martens, 1878 non Requiem, 1848), by 

original designation. 

Kerguelenatica was established by Powell as a sub- 

genus of Amauropsis for those species with a weak ex- 

ternal calcareous layer on the operculum. This distinctive 

feature seems sufficient to rank Kerguelenatica as a full 

genus (in agreement with Dell, 1990:145). According to 

the nature of the operculum, this genus appears as inter- 

mediate between the Polinicinae and the Naticinae. On 

the other hand, its periostracum is characteristic of the 

Ampullospirinae. In agreement with Marincovich (1977: 

217), this genus is classified in the Polinicinae. 

Kerguelenatica bioperculata Dell, 1990 

Figures 27—35 

Natica grisea von Martens, 1878:24; Watson, 1886:432, pl. 

28, fig. 5; von Martens, 1904:64, pl. 4, figs. 2-3; Thiele, 

1904:164, pl. 8, fig. 44; Strebel, 1908:61; Smith, 1915: 

69, non Natica grisea Requien, 1848. 

Amauropsis (Kerguelenatica) grisea (Martens, 1878). Pow- 

ell, 1951:118, pl. 10, fig. 60; Clarke, 1961:363, pl. 1, 

fig. 6; Arnaud, 1972:125, fig. 16; Castellanos & Lan- 

doni, 1990:21, pl. 3, fig. 29h; Hain, 1990:50, pl. 3, fig. 

6a—6b, pl. 30, fig. 2a—2b; Numanami, 1996:111, figs. 

72a-c. 

Friginatica grisea (Martens, 1878). Hedley, 1916:52. 

Polinices (Lunatia) grisea (von Martens, 1878). David, 

1934:128. 

Kerguelenatica bioperculata Dell, 1990:145, figs. 252, 253, 

264. 

Amauropsis (Kerguelenatica) delicatula (Smith, 1902). Cer- 

nohorsky, 1977:107 (partim fide Dell, 1990:145). 
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Diagnosis: Shell small, spire low; parietal callus white, 

thin. Umbilicus open, narrow. Internal lip reflected. Oper- 

culum paucispiral, corneous, with solid, calcareous outer 

layer. 

Description: Shell (Figures 27-35) small sized, oval, 

thin; spire low, with about four or five whorls, the initial 

whorls invariably eroded; protoconch unknown. Suture 

markedly impressed, last whorl almost canaliculated. Ax- 

ial sculpture of incremental growth lines only, weakly 

marked. Spiral sculpture of faint, sinuous, irregularly 

spaced striae. Parietal callus white, thin but conspicuous, 

filling posterior apertural region. Umbilicus open, narrow. 

Internal lip oblique, slightly reflected over the umbilicus; 

basal lip forming a straight angle with internal lip; exter- 

nal lip sharp and curved. Aperture semicircular and 

oblique. Color of fresh shells opaque gray, with thin light 

brown periostracum. 

Operculum paucispiral, corneous, thick, semicircular, 

with a complete, solid, calcareous layer; nucleus delim- 

ited; operculum covering the entire aperture; outer cor- 

neous margins overlapping the calcareous layer. 

Radulae taenioglossate 2—1—R—1—2, rachidian teeth 

trapezoidal with three sharp cusps, the central larger than 

laterals, anterior side of base concave, posterior slightly 

convex centrally and concave at tips, ending in two sharp 

lateral processes. Lateral teeth with three cusps, central 

larger than laterals. Two marginal teeth on each side; in- 

ner bifid with the inner cusp longer, outer longer and thin- 

ner (fide Thiele, 1904:164; Dell, 1990:145). 

Jaws unknown. 

Type locality: Rhodes Bay, Kerguelen Island, **10—50 

Faden.” 

Type material: Holotype, ZMB Moll 25618 (Figures 27— 

28) (Kabat and Kilias, 1991:320). 

Additional material examined: 37°35'S, 54°55'’W in 

192 m (MACN-In 25161); 38°06’S, 55°13’W in 460 m 

(MORG 17932 partim); approximately off Buenos Aires 

in 500 m (MACN-In 32892); Falkland [Malvinas] Is. 

(SMNH 2374); 50°19'S—50°50’W, South Georgia Is. 

(SMNH 2373); 62°50S—60°40W, R/V Eltanin St. 437, Cr. 

6, in 311 m, Blake trawl, (USNM 898824). 

Distribution: Ross Sea, Palmer Peninsula, Weddell Sea, 

South Shetland Is., South Sandwich Is., South Georgia 

Is., Malvinas Islands, Kerguelen Islands, and northeastern 

Antarctica; off Buenos Aires province, at great depths. 

Literature records: Rhodes Bay, Kerguelen Is. (von 

Martens, 1878); Challenger St. 149b, 49°28'S, 70°30’E in 

45 m, Royal Sound, Kerguelen Is.; St. 149d, 49°28'S, 

70°13’E in 51 m, Royal Sound, Kerguelen Is.; St. 149f, 

48°55’S, 69°31’E in 173 m, Howe’s Foreland, Kerguelen 

(Watson, 1886); Graham Land, 64°3’S, 56°37’W in 360 

m (Strebel, 1908); R/V Discovery St. 175, Bransfield 

Strait, South Shetlands, 63°17'20"S, 59°48’15”W in 200 
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m; St. 456, Bouvet Is., in 40—45 m; St. 1660, Ross Sea, 

74°46'45"S, 178°23.4’E in 351 m; St. 1952, King George 

Is., South Shetlands, in 367-383 m (Powell, 1951); 

around Antarctic continent from 49°E to 140°E in the 

Ross Sea, off Antarctic Peninsula, off South Shetland, 

South Sandwich, Bouvet, South Georgia and Kerguelen 

Is. (Dell, 1990); Breid Bay, northeastern Antarctica in 

270—289 m (Numanami, 1996). 

Remarks: Dell (1990:145) noted that NV. grisea was pre- 

occupied by Requien, 1848, and proposed the replace- 

ment name K. bioperculata. Cernohorsky (1977:107) pre- 

viously noted this synonymy, but used N. delicatula as 

the first available name. Dell (1990:145) rejected Cer- 

nohorsky’s usage, because Dell determined that N. deli- 

catula was a distinct species referable to the genus Fal- 

silunatia. 

Carcelles (1953:186—187, pl. 3, fig. 47) cited this spe- 

cies, but examination of his specimens reveals that both 

are misidentified: MACN-In 18963 is Amauropsis an- 

derssoni (Strebel, 1906) and MACN-In 18961 is A. au- 

reolutea (Strebel, 1908). 

Kerguelenatica bioperculata has a remarkably broad 

distribution including records from Antarctica, the sub- 

antarctic region, and South America. It is possible that 

more than one species is encompassed in the current spe- 

cies concept of K. bioperculata. However, the specimens 

studied herein were limited to empty shells and further 

anatomical study is required. 

Genus Euspira Agassiz in J. Sowerby, 1837 

Type species: Natica glaucinoides J. Sowerby, 1812. 

Euspira strebeli Dall, 1908 

Figures 70—80 

Polinices (Euspira) strebeli Dall, 1908:338. 

Polynices strebeli Dall, 1908. Carcelles & Williamson, 

19512281. 

Diagnosis: Shell small, subquadrate, solid; spire very 

short; parietal callus thick, umbilical callus fused with 

parietal callus. Umbilicus moderately open, umbilical 

wall with a narrow furrow. Operculum corneous, trans- 

parent. 

Description: Shell (Figures 70—74, 76-77) small to me- 

dium sized, subquadrate profile, solid, moderately thick. 

Spire very short with 44%—5 convex whorls, narrow sub- 

sutural ramp, last whorl inflated; protoconch unknown. 

Suture impressed. Axial sculpture of weak, oblique in- 

cremental growth lines. Parietal callus moderately thick, 

sometimes filling posterior apertural angle; anterior lobe 

weak, overlapping umbilicus; umbilical callus fused with 

parietal callus. Umbilicus moderately open, leaving a nar- 

row chink; umbilical wall with a narrow furrow. Anterior 

internal lip thickened; external lip thin and sharp; basal 
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lip thin. Aperture large, semicircular. Fresh shells light 

brown. 

Operculum paucispiral, semicircular, entirely corneous, 

transparent, brownish in color, with incremental growth 

lines (Figure 75). 

Radula taenioglossate; rachidian tooth with a promi- 

nent central cusp and two very short subsidiary ones. 

Rachidian base with two lateral prolongations and two 

central denticles. Lateral tooth with one central cusp that 

is sharp and extremely large, and two denticles on either 

side. Two simple and long marginals (Figure 78). 

Jaws subquadrangular with thin enlarged, imbricated 

rods, arranged vertically (Figures 79-80). 

Type locality: USFC Albatross station 2783, 51°02'30"S, 

74°08'30"W, off Southern Chile, in 122 fathoms (223 m). 

Type material: Holotype USNM 97093 (Figures 70-73). 

Dall (1908:338) also cited material from two other sta- 

tions that actually belong to a different species and were 

excluded by Kabat (1996a:19) from the type series. 

Additional material examined: Atlantis II expedition, 

36°18'S, 53°24’W, 310 m (MACN-In 35952); Atlantis II, 

36°17'S, 53°28’W, 150 m (MACN=In 35960); 37°11’S, 

54°24'W ex J. Broggi (personal collection); Mar del Plata, 

Argentina in 95 m (MORG 19634): 52°55S—75°00W, in 

101 m (USNM 870444). 

Distribution: Only known from the type locality and off 

Buenos Aires province. 

Literature records: There are no published records of 

this species other than its original description and the 

checklist of Carcelles & Williamson (1951). 

Remarks: Euspira strebeli is a rare species that has never 

been previously illustrated. The material collected from 

off Rio de la Plata and Buenos Aires province proved to 

be conspecific with the type material and significantly 

extends its geographic range. The umbilicus, which is al- 

most closed by the umbilical callus, is similar to that of 

some globose specimens of 7. impervia. However, the 

radula and operculum of these two species are quite dis- 

tinct. The radula of E. strebeli has a characteristically 

lengthed central rachidian cusp that is similar to that of 

Euspira grossularia Marche-Marchad, 1957, a tropical 

Eastern Atlantic species. 

Natica dilecta Gould, 1848, was never collected sub- 

sequent to its original description (Gould, 1848:73; 1852: 

213, pl. 15, fig. 255; 1862:50, 244) and the type material 

is lost (Johnson, 1964:68). It was collected from the 

mouth of the Rio Negro, Argentina, which is within the 

geographical range of E. strebeli. The two species are 

superficially similar; some differences in the umbilical 

morphology suggest that further study is required to de- 

termine whether they are distinct taxa or synonyms. 
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Figures 70-77. Euspira strebeli Dall, 1908. Figures 70-73. USNM 97093, holotype, Albatross station 2783, 51°2’30”S—74°8'30"W 

off Southern Chile in 223 m. Figure 73. Holotype, coated with ammonium chloride. Figure 74. MACN-In 35952, Atlantis II expedition, 

36°18'S—53°24'W in 310 m, collected on March 29, 1974. Figures 75-77. 37°11'S—54°24'W ex J. Broggi personal collection, operculum 

and two views of a shell. Scale bar = 1 cm. 

Euspira constricta Dall, 1908 

Figures 81—83 

Polinices (Euspira) constrictus Dall, 1908:337. 

Polynices constrictus Dall, 1908. Carcelles & Williamson, 

1951:281. 

Diagnosis: Shell medium sized, thick; parietal callus 

thick, umbilical callus strong, fused with parietal callus; 

umbilicus wide, open. 

Description: Shell medium to large sized, suboval, solid, 

thick; spire moderately high with 5% convex whorls, sub- 

sutural ramp small, last whorl globose; protoconch un- 

known. Suture impressed. Axial sculpture of incremental 

growth lines only; spiral subsutural striae present. Parietal 

callus thick, filling posterior apertural angle, umbilical 

callus strong, fused with parietal callus; Umbilicus deep, 

wide. Anterior internal lip thickened; external lip thin and 

sharp (Figures 81-83). Operculum and soft parts un- 

known. 

Type locality: Albatross station 2780, Archipiélago de la 

Reina Adelaida, Chile, 53°01'00"S, 73°42'30"W in 369 

fathoms (675 m). 
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Figures 78-80. Euspira strebeli Dall, 1908. Figure 78. Radula, ex J. Broggi personal collection, scale bar = 100 pm. Figure 79. Detail 

of jaw showing rods, scale bar = 100 pm. Figure 80. Jaw, scale bar 100 ym. 

Type material: Holotype USNM 97065 (Figures 81—83) Euspira patagonica (Philippi, 1845) 
(Kabat, 1996a:9). ; 

Figures 84—101 

Additional material examined: No additional specimens Natica patagonica Philippi, 1845a:65; 1845b:41, pl. 2. fig. 
were found. 2; Hupé in Gay, 1854:221; Philippi, 1855:205; Tryon, 

1886:37, pl. 14, fig. 24; Rochebrune & Mabille, 1889: 

Distribution: Only known from the type locality. 35; Strebel, 1906:137, pl. 11, fig. 63; Strebel, 1908:61. 
N. magellanica “Philippi” Hombron & Jacquinot, 1854:64, 

Literature records: There is no mention of this species pl. 16, figs. 28-29; Philippi, 1855:207; Tryon, 1886:37, 
pl. 21, fig. 12; Strebel, 1906:136. 

N. recognita Mabille & Rochebrune in Rochebrune & Ma- 

bille, 1889:33, pl. 3, fig. 5. 

Polinices (Euspira) vaginatus Dall, 1908:336. 

Natica soluta Gould *‘Form C major” Strebel, 1906:141, pl. 

other than the original description and the checklist of 

Carcelles & Williamson (1951). 

Remarks: As far as I have determined, Euspira constric- 

ta has never been collected subsequent to its original de- 11, fig. 64; 1908:60. 

scription. Despite the inadequate knowledge of this spe- N. soluta Gould “Form A” Strebel, 1906:140, pl. 11, fig. 

cies, it seems to be properly classified in Euspira. 62a, b: 1908:60. 

Figures 81-83. Polinices constrictus Dall, 1908. USNM 97065, holotype, Albatross St. 2780, Archipiélago de la Reina Adelaida, 

Chile, 53°1'S—73°42'30"W in 675 m. Scale bar = 1 cm. 
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Figures 84-97. Euspira patagonica (Philippi, 1845). Figures 84—85. Holotype, MNHNS unnumbered, Straits of Magellan. Figure 86. 

MACN-In 35953, Puerto Madryn. Figures 87-89. MACN-In 23815, 45°09’S—66°27'W, Fondeadero Restinga Aristizabal in 15 m. 

Figures 90-91. Natica recognita Rochebrune and Mabille, 1889, syntype, MNHN, Orange Bay, Tierra del Fuego. Figures 92-93. Natica 

recognita Rochebrune and Mabille, 1889, syntype, MNHN, Orange Bay. Figure 94. MACN-In 35953, Puerto Madryn. Figures 95—97. 

MACN-In 23815, other specimen. 
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Figures 98-101. Euspira patagonica (Philippi, 1845). Figure 98. Radula, MACN-—In 23844, 45°08'S—66°28'W, scale bar = 100 pm. 

Figure 99. Radula MACN-In 23844, other specimen, scale bar = 100 pm. Figure 100. MACN-—In 23844, jaws detail showing rods 

from the sector of figure 101, scale bar = 30 ym. Figure 101. Jaw, scale bar = 100 ym. 

N. soluta Gould *“‘Form D” Strebel, 1906:141, pl. 11, fig. 

66. 

Natica subantarctica Preston, 1913:219, pl. 4, fig. 1 (not 2 

as stated). 

Polinices patagonicus (Philippi, 1845). Powell, 1951:118: 

Powell, 1960:145; Linse, 2002:95—97, pl. 11, fig. 

9.1.1-84-86. 

Polynices patagonica (Philippi, 1845). Carcelles & William- 

son, 1951:281; Carcelles, 1953:185. 

P. patagonica (Philippi, 1845). Richards & Craig, 1963:139; 

Linse, 1997:35. 

Friginatica recognita (Rochebrune & Mabille, 1889). Dell, 

1972:35. 

Falsilunatia soluta sensu Dell, 1990:147, fig. 250; Castel- 

lanos & Landoni, 1990:22, pl. 3, figs. 5, 28, non Fal- 

silunatia soluta (Gould, 1847). 

Falsilunatia patagonica (Philippi, 1845). Dell, 1990:148, 

fig. 248; Linse, 1999:401. 

Diagnosis: Shell large, globose, solid; suture nearly can- 

aliculated; parietal callus thin. Umbilicus open, deep. 

Umbilical callus weak. Operculum corneous with a thin 

calcareous layer. 

Description: Shell (Figures 84—97) moderately to large 

sized, globose, moderately thickened. Spire low to slight- 

ly developed, four to five convex whorls, last whorl very 

globose. Suture impressed, nearly canaliculated. Proto- 

conch smooth, transparent, imperceptible transition to te- 

leoconch. Ornamentation limited to growth lines. Parietal 

callus thin but present, white, filling posterior apertural 

angle. Umbilicus always open, deep. Umbilical callus 

weak, slightly covering the internal umbilical margin. 

Basal lip thickened. Live specimens with a dirty yellow- 

ish, somewhat dark periostracum; dead shells invariably 

chalky white. 

Operculum corneous, semicircular covering entire ap- 

erture, typically with a thin calcareous layer partially cov- 

ering the external margin. Paucispiral subterminal nucle- 

us; opercular sculpture of growth lines only; opercular 

margins smooth, inner moderately straight, outer convex 

(Figures 87, 89). 

Radula taenioglossate, similar to basic naticid formula. 

Rachidian tooth trapezoidal with three cusps, central larg- 

er than laterals, rachidian base with two lateral prolon- 

gations and two central processes. Lateral teeth with one 

large cusp and two or three vestigial cusps towards the 

central. Two enlarged marginals, inner bifid, outer simple 

(Figures 98-99). 

Jaws oval enlarged, pyriform. Anterior side with pro- 

jection rods. Rods rhomboidal arranged in diagonal lines 

(Figures 100-101). 

Distribution: Based on the material seen, the distribution 

of E. patagonica is from 37°S, southern Buenos Aires 
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province, to the Patagonian coast, Straits of Magellan, 

Tierra del Fuego and Isla de los Estados. Dell (1990:148) 

cited this species from Malvinas and South Georgia Is. 

Type locality: [N. patagonica] Straits of Magellan; [N. 

subantarctica| Falkland [Malvinas] Is., [N. recognita] 

Orange Bay in 120 m. 

Type material: Holotype of N. patagonica in MNHNS 

(Philippi, 1845b, plate 2, fig. 2) illustrated herein in fig- 

ures 84-85 (length = 33.8 mm; width = 31.8 mm). The 

type material of Natica subantarctica Preston, 1913 was 

not found. Two syntypes of N. recognita in MNHN are 

illustrated in figures 90-91 and 92-93. 

Additional material examined: ARGENTINA: Off Rio 

de la Plata (SMNH 1331); 37°50’S—56°11’W (SMNH 

2251); 37°35'S—54°55'W in 192 m (MACN-In 25161-3); 

44°16'S, 65°12’W in 46 m (MACN-In 23739); Puerto 

Madryn (MACN-In 35953); Puerto Madryn (MACN-In 

9171-18); 45°09'S—66°27'W, fondeadero Restinga Aristi- 

zabal in 15 m (MACN-In 23815); 45°08’S—66°28'W in 

15 m (MACN-In 23844); Puerto Deseado, Santa Cruz 

(MLP 4723); Straits of Magellan (USNM 97126 and 

USNM 106873); Bahia Inutil (SMNH 1323); Straits of 

Magellan (SMNH 1332); Punta Sinaia, Tierra del Fuego 

(MACN-In 12550); Puerto Hoppner, Isla de los Estados 

(MACN-In 22550); Puerto Roca, Isla de los Estados in 

18 m (MACN-In 21977); 54°39'S—64°06’W (MACN-In 

22637); Puerto Basil Hall, Isla de los Estados in 86 m 

(MACN-In 22241); Isla Observatorio, in 18-36 m 

(MACN-In 22038): 55°41’S—66°34’W in 115 m 

(MACN-In 24973-1); Ushuaia (MACN-In 13584); Ush- 

uaia (MACN-In 14617); Puerto Eugenia (SMNH 1339); 

53°06'S—67°04'W, in 86 m, R/V Hero, St. 450, cr.702. 

(USNM 898487). CHILE: Puerto Harris, Isla Dawson, 

Chile (MACN-In 12264); 53°50’'S, 70°40'W, Bahia Lo- 

mas, Isla Dawson, Chile in 16 m (MACN-In 12458). 

Literature records: Punta Arenas, Ushuaia, Picton Is., 

Feuerland, Puerto Pantal6n; Malvinas [Falkland] Is.; 

Puerto Madryn, Schwedischen Sudpolar Expedition, St. 

2, 37°50'S, 56°11'W in 100 m, St. 3 54°43'S, 64°8’W in 

36 m, St. 39 Port Williams, 51°40’S, 57°04’W in 40 m 

(Strebel, 1906, 1908); Falkland [Malvinas] Is. (Preston, 

1913); R/V Discovery St. 158, 53°48'30"S, 35°57’W in 

401-411 m, St. WS 247, 52°40'S, 60°05’W in 127 m 

(Powell, 1951); R/V Eltanin St. 966 53°35'S, 66°20'W 

in 81 m (Dell, 1990). 

Remarks: Natica patagonica is currently classified in 

Euspira, based on shell characters, because the type spe- 

cies of the latter genus is extinct. Linse (2002:97) cor- 

rectly rejected the placement of this species in Falsilun- 

atia by Dell (1990:148), since the radula of these two 

genera are quite distinct, particularly in the number of 

cusps on the marginal teeth. Linse (2002:97) then con- 

cluded that this species should be classified in the tropical 
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genus Polinices, but she did not compare this species with 

any known taxa of Euspira. 

Natica patagonica was originally described by Philippi 

(1845a) based solely on shell characters; Philippi (1845b, 

pl. 2, fig. 2) illustrated a large and worn specimen, and 

remarked that the “‘periostracum”’ is yellowish brown in 

color. 

Philippi (1855) subsequently published a list of the 

mollusks of the Straits of Magellan in an obscure paper 

(translated to German: Philippi, 1857), which pointed out 

that Hombron & Jacquinot (1854) described N. magel- 

lanica **Philippi.”’ Philippi (1855:206) stated that he nev- 

er described any such species. Hombron & Jacquinot’s 

figure of N. magellanica (1854, pl. 16, figs. 28, 29) looks 

quite similar to E. patagonica (Philippi, 1845). It seems 

probable that these authors confused the specific name 

“patagonica’’ with “‘magellanica.’’ Unfortunately, Hom- 

bron & Jacquinot’s material of N. magellanica, which 

should be in the MNHN, is not extant. 

Philippi (1855:205) also stated that his E. patagonica 

is a synonym of N. globosa King & Broderip, 1832. The 

type material of N. globosa (NHM 1976107), despite its 

bad condition, is easily distinguishable as Bulbus carcel- 

lesi Dell, 1990, a distinct species (Figures 57—58). 

Euspira patagonica was confused by several authors 

with F. soluta because of their similar general appear- 

ance. However, E. patagonica has a higher spire with a 

nearly canaliculated suture, particularly in adult speci- 

mens, and a different form of umbilical callus, which 

clearly separates these two species. Further, Falsilunatia 

soluta is more globose with a lower spire and a short 

subsutural ramp. The striae are conspicuous in F. soluta, 

but faint in E. patagonica. The yellowish opaque perio- 

stracum of E. patagonica is distinct from the dull gray to 

bright white periostracum of F. soluta. Dell’s statement 

(1990:148) about the similarity of E. patagonica with F. 

soluta that: “there are no real characters by which it can 

be distinguished from soluta except size,’ demonstrates 

that he misunderstood F. soluta, and he only examined 

two specimens of N. patagonica, one live collected and 

the other larger and worn. Further, Dell classified this 

species in Falsilunatia because of its supposed resem- 

blance to F. soluta. The radula of E. patagonica is ac- 

tually quite different and does not support Dell’s generic 

placement. 

Polinices (Euspira) vaginatus Dall, 1908, has never 

been previously illustrated. The syntypes studied herein, 

USNM 96231, 97126, 106873, and 678711, from Alba- 

tross Stations 2778 and 2779, Straits of Magellan, show 

that it falls within the range of variation of E. patagonica. 

The supposedly distinctive folds of the lower part of 

the columella described by Preston (1913) for Natica sub- 

antarctica, fall within the range of variation of E. pata- 

gonica. Therefore, it is concluded that these taxa are syn- 

onyms. Unfortunately Preston’s type material, which was 



Page 246 The Veliger, Vol. 47, No. 4 

Figures 102-110. Amauropsis anderssoni Strebel, 1906. Figures 102—104. Syntype, ZHM 2952, St. 22 of the Schwedischen Siidpolar- 

Expedition, 54°17'S—36°28'W, South Georgia Is. in 75 m. Figure 105. Syntype. ZHM 2953, St. 22. Figure 106. Syntype, ZHM 2953, 

St. 22. Figures 107. Syntype, ZHM 2954, St. 17. Figures 108-110. Amauropsis powelli Dell, 1990, USNM 860103, holotype, R/V 

Eltanin St. 1535, 53°51'S—37°38'W in 97-101 m. Scale bar = 1 cm. 

possibly sold to a private collector, was not found at the fine series of preserved specimens, housed at the MACN, 

NHM. provides for an unambiguous description of this species. 

Two syntypes of Natica recognita Rochebrune & Ma- 

bille, 1889, are housed at the MNHN (Figures 90—93); Euspira falklandica Preston, 1913 
both fall within the range of variation of E. patagonica. 

Figures 124—136 Euspira patagonica is apparently a fairly common spe- 

cies along the Patagonian coast. However most of the 2 Natica sp. Strebel, 1906:140, pl. 11, fig. 65. 

large specimens in museum collections are worn, beach Natica falklandica Preston, 1913:218, pl. 4, fig. 2. 

collected, and lack details of their color or operculum. A Falsilunatia falklandica (Preston, 1913). Powell, 1951:120, 
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Figures 111-113. Amauropsis anderssoni Strebel, 1906. Figure 111. MACN-—In 18962, Larsen Harbor, South Georgia Is. in 27 m, 
scale bar = 100 pm. Figure 112. Detail of jaws showing rods from the sector in figure 113, scale bar = 20 wm. Figure 113. Jaws, 

scale bar = 500 pm. 

pl. 10, fig. 61; Carcelles & Williamson, 1951:282; Cas- 

tellanos & Landoni, 1990:23, pl. 3, fig. 26. 

Diagnosis: Shell large, globose, spire high; whorls or- 

namented with growth lines crossed with gentle spiral 

threads. Umbilicus open, deep. Operculum corneous. 

Description: Shell (Figures 124—131, 133) moderately to 

large sized, globose, thick. Spire slightly developed, four 

to five convex whorls, last whorl very globose. Proto- 

conch unknown. Suture impressed. Ornamentation of 

growth lines crossed by spiral threads, forming a char- 

acteristic pattern. Parietal callus moderately developed, 

filling the posterior apertural angle. Umbilicus open, 

deep, narrowed by the reflected internal lip. Basal lip 

thickened. Aperture oval, moderately developed. 

Fresh shells yellow to whitish in color, with a very faint 

periostracum. 

Operculum semicircular, paucispiral, nucleus subter- 

minal lateral, covering the whole aperture; sculpture of 

growth lines only, entirely corneous but with thin, cal- 

careous portions in some sectors; smooth margins (Figure 

132). 

Radula taenioglossate. Rachidian tooth trapezoidal, 

slightly concave, with three cusps, central larger than lat- 

erals, anterior rachidian base straight. Lateral teeth with 

only one large triangular cusp. Two short marginals, inner 

bifid, outer simple, longer (Figure 134). 

Jaws pyriform. Rods rhomboidal, smooth, arranged in 

vertical lines (Figures 135-136). 

Type material: The type material was not found at the 

NHM where most of Preston’s material is housed; it is 

probably lost (fide K. Way, personal communication). 

Type locality: Port Stanley, Falkland [Malvinas] Islands. 

Additional material examined: Malvinas [Falkland] Is. 

(NHM_ 1869.6.5.37); West Falkland [Malvinas] (NHM 

193.2.18.44—56). 

Distribution: This species is restricted to the vicinity of 

Malvinas Islands. 

Literature records: Port Stanley, Falkland [Malvinas] Is. 

(Powell, 1951). 

Remarks: The generic placement of E. falklandica re- 

mains tentative. The shell form agrees with the general 

morphology of other species classified in Euspira, and 

the radula is consistent with those described for other 

species of that genus. This species has a similar mor- 

phology to some specimens of FE. patagonica (Philippi, 

1845); however, the umbilicus of falklandica is usually 

half closed by the callus and it has a higher spire. Powell 

(1951) suggested that falklandica could be classified in 

Falsilunatia. However, he did not study the radula of falk- 

landica. Castellanos & Landoni (1990), without expla- 

nation, classified this species in Falsilunatia, presumably 

because they followed Powell’s suggestion. In fact, the 

radula of E. falklandica has no similarity with that of F. 

soluta; on the contrary it is similar to that of E. patagon- 

ica. There are minor differences: E. falklandica has only 

one cusp on the lateral tooth when E. patagonica has 

usually two or more; the rods on the jaws are slightly 

different; and the spiral threads that are characteristic of 

E. falklandica are absent in E. patagonica. 

Numanami (1996:115—116) described and illustrated a 

specimen that he identified as Falsilunatia falklandica 

from Breid Bay, northeastern Antarctica, in 310 m. Based 

on his description and illustration, this is definitely a dif- 

ferent species that probably is Falsilunatia notorcadensis 

Dell, 1990. 

Genus Polinices Montfort, 1810 

Type species: Polinices albus Montfort, 1810, by original 

designation. 
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Figures 114-123. Amauropsis aureolutea Strebel, 1908. Figure 114. SMNH 4635, Holotype, 64°36’S—57°42'W. Figure 115. N. sub- 

pallescens Strebel, 1908, SMNH 4762, holotype. Figures 116. N. georgiana Strebel, 1908, syntype, SMNH 4761. Figure 117. same 

specimen of Figure 116, scale bar = 1 cm. Figure 118. MACN-In 33948, 70°34’S—48°39'W. Figure 119. MACN-In 33947, Bahia 

Luna, Livingston Is., South Shetland. Figure 120. Natica godfroyi Lamy, 1910, holotype, MHNP. Figure 121. MACN-—In 33948. Figure 

122. Radula, MACN-In 33948, scale bar = 100 pm. Figure 123. MACN-In 33948, scale bar = 100 pm. 

Polinices sp., cf. Polinices uber 

(Valenciennes, 1832) 

Figures 137-141 

Diagnosis: Shell medium sized, globose, solid; spire 

high; parietal callus thickened; umbilicus open; umbilical 

callus, smooth, with funicle. Operculum corneous. 

Description: Shell (Figure 137-139) medium sized, glo- 

bose elongated, solid; 4 convex whorls, last two whorls 

enlarged. Spire high. Suture moderately impressed. Pro- 
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Figures 124-133. Euspira falklandica Preston, 1913. Figures 124-126. NHM 1936.2.18.44—56, West Falkland Is. Figures 127—129. 

Other specimen from the same lot. Figures 130-133 NHM 1869.6.537, Malvinas Is. Scale bar = 1 cm. 

toconch of 1% whorls, smooth, translucent, with promi- 

nent transition to teleoconch. Ornamentation of faintly 

regular growth lines; spiral ornamentation of microscopic 

densely arranged sinuous ribs. Parietal callus thickened, 

filling the apertural posterior angle, anterior lobe weakly 

differentiated over the umbilicus. Umbilicus open, vir- 

gule-shaped. Umbilical callus, smooth, funicle present. 

External and basal lip slightly thickened. Aperture semi- 

circular, oblique (prosocline). Periostracum brownish, 

covering the whole shell. Shell color drab white. 

Operculum corneous semicircular, paucispiral, thin; 

translucent but dark in color; regular growth lines only 

(Figure 140). 

Radula taenioglossate; rachidian trapezoidal, wider 

than longer, with three cusps extending beyond the base; 

central cusp slightly wider and longer than the laterals, 

base with two lateral prolongations and two central pro- 

cesses. Lateral teeth with one large cusp and two or more 

vestigial cusps extending towards the rachidian. Two 

marginals, inner bifid, with similar sized cusps, outer 

smooth and monocuspate (Figure 141). Jaws unknown. 

Material examined: Puerto Crossley, Isla de los Estados 

(MACN-In 22509-2). 

Distribution: Known only from Puerto Crossley, Isla de 

los Estados, Argentina. 
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Figure 134-136. Euspira falklandica Preston, 1913. Figure 134. Radula, scale bar = 100 pm. Figure 135. Jaws, scale bar = 500 ppm. 

Figure 136. Detail of jaws showing rods, scale bar = 100 pm. 

Figures 137-141.  Polinices cf. P. uber Valenciennes, 1857. Figures 137-139. MACN-In 22509-2 Puerto Crossley, Isla de los Estados. 

Figure 140. Operculum. Scale bar = 1 cm. Figure 141. Radula, scale bar = 100 wm. 
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Remarks: Marincovich (1977:248) mentioned, but did 

not discuss, the existence of several other cold-water Chi- 

lean and Peruvian representatives of this problematic 

group included in the “‘species-group” of P. uber. I stud- 

ied only one specimen that undoubtedly belongs to this 

group, and I prefer to keep the uncertain species assign- 

ment pending collection and study of additional speci- 

mens. 

Subfamily Ampullospirinae Cox, 1930 

Genus Amauropsis Morch, 1857 

Type species: Natica helicoides Johnston, 1835 [= Ner- 

ita islandica Gmelin, 1791], by subsequent designation 

(Dall, 1909). 

Marincovich (1977:215—216) included this genus in the 

subfamily Ampullospirinae. According to his classifica- 

tion, this subfamily encompasses species with thin, elon- 

gated shells, spiral striae, and canaliculated sutures. How- 

ever, Marincovich (1977:217) also suggested that the spe- 

cies included by Powell (1951) in Amauropsis (1.e., A. 

anderssoni, A. aureolutea, A. rossiana, and A. georgi- 

ana), could be classified in a different genus from the 

arctic Amauropsis based on their radula and lack of a 

channeled suture. Dell (1990:138—140) proposed to en- 

large the diagnosis of Amauropsis to include the Antarctic 

and antiboreal species. Dell’s approach is followed here- 

in; however, further studies may lead to the conclusion 

that these species should be classified in a separate genus, 

and are not congeneric with Amauropsis. 

Amauropsis anderssoni (Strebel, 1906) 

Figures 102—113 

Natica anderssoni Strebel, 1906:142, pl. 11, figs. 67a—b, 

1908:61, pl. 5, fig. 64a—b; Carcelles, 1950:58; Richards 

& Craig, 1963:139, pl. 3, fig. 6. 

Amauropsis anderssoni (Strebel, 1906). Powell, 1951:116; 

Carcelles & Williamson, 1951:283; Carcelles, 1953: 

186; Powell, 1960:114; Castellanos, 1970:59, pl. 3, fig. 

13; Castellanos & Landoni, 1990:19, pl. 3, fig. 34; Dell, 

1990:140, figs. 245, 265. 

Amauropsis powelli Dell, 1990:144, fig. 246-268. 

Diagnosis: Shell medium sized; spire short; parietal cal- 

lus thin; umbilicus chink-like; periostracum thick, brown- 

ish. Columella thickened. Operculum corneous. 

Description: Shell (Figures 102—107, 109-110) medium 

sized, depressed, solid. Spire low with about four convex 

whorls, the last globose. Protoconch and early teleoconch 

usually eroded. Suture impressed, sculpture limited to 

thin growth lines. Parietal callus white, thin and extend- 

ing over the umbilicus at an acute angle with the posterior 

apertural margin. Umbilicus chink-like or nearly closed, 

umbilical callus absent. Columella slightly thickened. Ap- 

erture semicircular, depressed; inner lip oblique, outer 
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sharp. Basal lip of aperture slightly thickened. Periostrac- 

um thick, olive to brownish, covering entire shell. 

Operculum corneous, paucispiral, sculpture limited to 

growth lines. Opercular suture prominent, ridged (Figure 

108). 

Radula taenioglossate; rachidian with three thick cusps, 

central larger than laterals. Anterior rachidian margin 

moderately concave, the base with two lateral and two 

central processes. Two laterals, each with a conspicuous 

central cusp, outer lateral short and inner lateral vestigial. 

Two marginals, inner bicuspid, outer simple and slightly 

longer (Figure 111). 

Jaws oval, enlarged with diagonally arranged rods, 

forming anterior projections. Rods with numerous septa 

(Figures 112-113). 

Type locality: 54°17'S—36°28'W, South Georgia Is. in 75 

m, St. 22 of the Schwedischen Stidpolar-Expedition [A. 

anderssoni]|; R/V Eltanin St. 1535, 53°51'S—37°38'W in 

97-101 m [A. powelli]. 

Type material: There are four lots housed at ZHM from 

the Schwedischen Stidpolar-Expedition. The material 

from Station 22 apparently is the specimen figured by 

Strebel (Figures 102-104). 

Additional material examined: Larsen Harbour, South 

Georgia Is. in 27 m (MACN-In 18962): Stromness Bay, 

South Georgia Is. in 44 m (MACN-In 18966, 18967 and 

18968); Stromness Bay, South Georgia Is. (SMNH 3091): 

Schlieper Bay, South Georgia Is. in 36 m (MACN-In 

18964); Cumberland Bay, South Georgia Is. in 36 m 

(MACN-In 18960); Wilson Harbor, South Georgia Is. in 

26 m (MACN-In 18963); 51°40’S—57°41'’W, Port Wil- 

liams, Malvinas Is. (SMNH 2366); 54°24’S—36°22’W, 

South Georgia Is. (SMNH 2367); 54°24’S—36°26'W, 

South Georgia Is. (SMNH 2368); Grytviken, South Geor- 

gia Is. (SMNH 2369 and 2370); 54°17’S—36°28'W, South 

Georgia Is. (SMNH 4612); Cumberland Bay, South Geor- 

gia Is. (SMNH 2371 and 2771); 54°22lorS—36°28'W 

(SMNH 2772); South Georgia Is. (MNHN 357); 54°17'S— 

36°28lorW, St. 22 of the Schwedischen Siidpolar-Expe- 

dition (SSE), South Georgia Is. in 75 m (ZMH 2952, 

2953); 53°34'S—43°23'W, Shag Rock Bank, in 160 m 

(ZMH 2954); 54°11'S—36°18'W, St. 34 of the SSE, Cum- 

berland Bay, South Georgia Is., in 252-310 m (ZMH 

2956). 

Distribution: South Georgia and Malvinas Is. 

Remarks: Amauropsis powelli Dell, 1990, was described 

as a distinct species of Amauropsis based on its umbilical 

features. However, the type series of A. anderssoni and 

A. powelli, and material from the same geographic region, 

shows much variation in this character, and I therefore 

conclude that A. powelli is a junior synonym of A. an- 

derssoni (Strebel, 1906). 
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Amauropsis aureolutea (Strebel, 1908) 

Figures 114—123 

Natica aureolutea Strebel, 1908:63, pl. 5, fig. 63a, b. 

? Natica subpallescens Strebel, 1908:62, pl. 5, fig. 67. 

? Natica georgiana Strebel, 1908:62, pl. 5, fig. 65a, b. 

? Natica Godfroyi Lamy, 1910:322. 

? N. xantha Watson. Lamy, 1911:23, fig. 1. 

? Lunatia bransfieldensis Preston, 1916:270, fig. 2. 

Amauropsis aureolutea (Strebel, 1908). Powell, 1951:116, 

fig. 42: Carcelles, 1953:186; Dell, 1990:142, figs. 241— 

266. 

Amauropsis georgianus (Strebel, 1908). Powell, 1951:117; 

Castellanos & Landoni, 1990:20, pl. 3, fig. 29g; Nu- 

manami, 1996:109, figs. 70a—c. 

Amauropsis rossiana sensu Hain, 1990:49, pl. 3, figs. 3a, b. 

non Smith, 1907. 

Diagnosis: Shell very large; thin; spire moderately high, 

suture with a gentle subsutural furrow. Periostracum red- 

dish. Umbilicus with a white umbilical callus reflexed. 

Operculum corneous. 

Description: Shell (Figures 114—121) large, probably the 

largest Patagonian naticid, globose, spire moderately el- 

evated, with about 4% whorls, the first teleoconch whorl 

eroded; last whorl well developed; protoconch unknown. 

Suture impressed; shallow subsutural furrow. Spiral striae 

across entire shell. Periostracum reddish to dark brown, 

entirely covering shell. Umbilicus filled by white umbil- 

ical callus which is reflected over the umbilicus. Parietal 

callus reduced, filling posterior apertural angle; basal ap- 

ertural lip slightly thickened. Aperture large, oval and 

semicircular. 

Operculum corneous, semicircular, paucispiral; slightly 

larger than the aperture and concave in order to seal the 

aperture; translucent, dark, with a wide spiral suture in 

the early whorls (Figures 114-117, 119). 

Radula taenioglossate; rachidian teeth trapezoidal with 

three sharp cusps, central can be large; base with two 

lateral and two central processes. Lateral teeth with three 

cusps, of which central is three times larger than the al- 

most obsolete laterals that are. Two marginal teeth; inner 

bifid with the inner cusp slightly smaller than outer cusp, 

outer teeth smooth, short (Figure 122). 

Jaws oval; large rods diagonally arranged in braided 

fashion (Figure 123). 

Type locality: 64°36'S—57°42'W, South West of Snow 

Hill Is. 

Type material: SMNH 4635, a juvenile specimen. 

Additional material examined: Bahia Luna, Livingston 

Is., South Shetland (MACN-In 33947); Bay of Island, 

South Georgia Is: in 24 m (MACN-In 18965); Droning 

Maud Harbour, South Georgia Is. in 46 m (MACN-In 

18961); South Georgia Is. (MACN-In 33946); 70°34'S— 

48°39'W (MACN-In 33948); 64°36’S—57°42’W, South 

West of Snow Hill Is. (SMNH 4635); 62°41S—57°51W, in 
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1120 m, R/V Eltanin St. 428, Cr. 6 (USNM 870298): 

54°28S—35°39W in 249 m, R/V Professor Siedlecki St. 

64, Cr. 601 (USNM 897552): 54°39'S—37°22'W in 150 

m, R/V Siedlecki St. 47, Cr. 601 (USNM 897514); 

55°01'S—37°06'W in 282 m, R/V Siedlecki St. 50, Cr. 601 

(USNM 897509); 54°05'S—38°25'W in 207 m, R/V Sied- 

lecki St. 24, Cr. 601 (USNM 897520); 54°09’S—38°15'W 

in 227 m, R/V Siedlecki St. 18, Cr. 601 (USNM 897554); 

53°40'S—36°48'W in 192 m, R/V Siedlecki St. 105, Cr. 

601 (USNM 897540); 54°43’S—35°13'W in 306 m, R/V 

Siedlecki St. 81, Cr. 601 (USNM 897530). 

Distribution: South Georgia, South Orkney, South Sand- 

wich and South Shetland Is., Antarctic Peninsula and 

probably Gunnerus Bank and Breid Bay in NE Antarctica 

(as A. georgianus in Numanami, 1996). Hain (1990) il- 

lustrated and recorded this species as A. rossiana from 

the Weddell Sea. 

Remarks: All three species described by Strebel (1908) 

from the Schwedischen Stidpolar-Expedition, Natica 

georgiana, N. subpallescens, and N. aureolutea are ju- 

venile specimens that have few, if any, significant differ- 

ences. In addition, two of these three species where col- 

lected from the same area by different expeditions, which 

makes it difficult to determine which nominal taxa should 

be treated as a valid species. 

Natica subpallescens was never cited again after its 

original description. The holotype is illustrated in Figure 

115, and is quite similar to some specimens of A. aureo- 

lutea which have a slightly open umbilicus. The holotype 

of A. aureolutea is a juvenile specimen which is difficult 

to compare with the more common adult specimens (Fig- 

ure 114). 

Numanami (1996) identified a specimen of this species 

as A. georgianus, on the basis of the supposedly different 

bicuspid lateral tooth of A. aureolutea. He made this com- 

parison using the illustration by Powell (1951) of the rad- 

ula of A. aureolutea. However, as is evident in Figure 

121, the lateral tooth can have some variation, as does 

the inner marginal which is usually bifid. Therefore, I 

instead consider Numanami’s material to be A. aureolu- 

ted. 

Lamy (1910) described N. godfroyi from King George 

Is. in the Antarctic Peninsula, but made no mention of 

Strebel’s work. Lamy’s material (MNHN), never illus- 

trated, is a fairly worn and repaired specimen, which 

could probably be identified as A. aureolutea. In addition, 

Lamy (1911:23) illustrated material that he identified as 

“N. xantha Watson” from Cumberland Bay, South Geor- 

gia Island, but Watson’s species was actually described 

from Kerguelen Island, in the southern Indian Ocean. In 

fact, Lamy’s illustration of “‘“N. xantha’”’ corresponds to 

the general appearance of A. aureolutea. 

Preston (1916) described Lunatia bransfieldensis, col- 

lected from fish stomachs in the Bransfield Straits, South 

Shetland Island. The type material of this species was not 



Page 254 

found at NHM. The illustration in the original description 

is hard to interpret, but it seems similar to A. aureolutea, 

and was collected within the biogeographic range of that 

species, so it may also be a junior synonym of A. auro- 

lutea. 

CONCLUDING REMARKS 

With only thirteen species, the Naticidae from Patagonia 

are not as diverse as are the naticids of several other 

biogeographic faunas. Certainly, the tropical naticid fau- 

nas have greater species diversity. For example, Kilburn 

(1976:830) recognized 27 species from southern Moz- 

ambique, and 21 species from Natal, South Africa (with 

some overlap in these two regions); Cernohorsky (1971) 

recognized 21 species from the Fiji islands; Kabat 

(2000) recognized 50 species from Malaysia and Indo- 

nesia, of which 38 are known from the island of Ambon; 

Bouchet et al. (2002:434) cited 29 species from a single 

coral reef lagoon in New Caledonia; Kabat (1996a) rec- 

ognized 33 species of Sininae and 52 species of Nati- 

cinae from the entire Indo-Pacific; and Marincovich 

(1977:177) recognized 33 species from the tropical East- 

ern Pacific. 

Yet, the Patagonia fauna is comparable in its biodiver- 

sity to the temperate and cold-water naticid faunas of oth- 

er regions. For example, Kilburn (1976:830) documented 

ten species endemic to the “‘Cape fauna” of South Africa, 

and Marincovich (1977:177) recognized thirteen species 

from the northeastern Pacific (Alaska to central Califor- 

nia). In addition, Golikov & Sirenko (1988) mentioned 

twenty species from the western Pacific and Arctic 

Oceans. 

Nevertheless, the subtidal regions between Peninsula 

Valdes and the Straits of Magellan are still mostly un- 

explored, and there could be overlooked naticid species 

in that region. 

The Patagonian coastal naticids are not rare, and can 

be moderately abundant. However, they are difficult to 

collect, presumably because of their infaunal habitat and 

typically nocturnal activity. In Buenos Aires province, the 

stereotypical predatory boreholes that they produce in bi- 

valve prey are regularly found in beach-collected speci- 

mens (Pastorino & Ivanov, 1996). 

The Patagonian naticid species seldom occur in other 

biogeographic regions such as Brazil (an exception is 

N. isabelleana) or Antarctica. In fact, most of the Ant- 

arctic records are of species whose taxonomic status 

remains uncertain, such as Kerguelenatica biopercu- 

lata. At present, it appears that the Antarctic and Ma- 

gellanic regions do not share any naticid species, al- 

though further study is required. Table 1, “‘ Valid Spe- 

cies of Naticidae from southern South America and the 

Antarctic Region,’’ is a preliminary summary of the 

biogeographic range of the nominal naticid species 

from these faunas, based primarily on the present study 
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and Dell (1990), although further research is required 

to determine the status and range of the Antarctic and 

antiboreal taxa. 

Despite the absence of any monographic treatment of 

the Cenozoic naticids of Patagonia, there are adequate 

museum collections from known Tertiary deposits in Pa- 

tagonia that merit further study and comparison with the 

Recent naticid fauna. 

Key to Species of Patagonian Naticidae 

J. \Operculum\ totally calcareous! === 2 

Operculum mostly or totally corneous 5 

2. Umbilical callus always present, evident, funicle 

and sulcus developed __ Notocochlis isabelleana 

Umbilical callus variable but without funicle and 

sulcus: 200 3 

3. Shell large and thin, violet bluish in color, spire 

Bi gh ete ee ““Natica”’ limbata 

Shell small and thick, white or grey 

4. Periostracum thick, grey in color, umbilicus open 

Benn aD nn aimee ohh oa tena Kerguelenatica bioperculata 

Periostracum very thin, transparent, umbilicus al- 

WES Korat Tectonatica impervia 

5. Periostracum thick, brownish to olive, low spired __ 6 

Periostracum very thin, transparent or yellowish ____ 7 

6. Shell medium to small, umbilicus open 

CSA el WN i Al ee Amauropsis anderssoni 

Shell large, last whorl large umbilicus mostly 

closed. Sen a ee Amauropsis aureoluta 

7. Spire short (spire less than % of total shell 

height) 2230-5 8 

Spire medium to high (more than % of total shell 

height) es3 See See eee E srs Se Bets k 10 

8. Shell large, thin, very globose, umbilicus almost 

closed 2252) iat Bulbus carcellesi 

shell different _2 2 2 ee ee 9 

9. Shell thick, whitish, parietal callus with central 

CONS trict On) eee ee Falsilunatia soluta 

Shell small, subquadrate profile, narrow subsu- 

tural ramp; parietal callus overlapping umbilicus 

eames eben ee leitch Da pik Euspira strebeli 

10. Shell large, chalky, globose and thick; suture 

nearly canaliculated; umbilicus always open, 

deep; operculum with calcareous fringe 

OE fence PA PP A ed ee ee Euspira patagonica 

Shellinot as above) 2.22 ee 11 

11. Shell smooth, medium: spire short; umbilicus 

open, deep; subsutural ramp present _ E. constricta 

Shell with slight spiral ornamentation; spire high; 

patictal callus straisht, 2. = ee 12 

12. Gentle spiral threads crossing growth lines, faint 

PeLiOstrac wm E. falklandica 

Microscopic ribs densely packed sinuous _.- 

Beha AeA nee BoE AM Se ee A eee a ee Polinices sp. 
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The Late Cenozoic History of Xanthochorus Fischer, 1884 

(Gastropoda: Muricidae) in Western South America 

THOMAS J. DEVRIES 
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Abstract. The South American muricid genus Xanthochorus Fischer, 1884, is reviewed in light of the discovery of 

late Cenozoic fossils from Peru. Four new species from southern Peru are described: Xanthochorus xuster, sp. nov. (late 

Pliocene), X. eripepomis, sp. nov. (early Pliocene), X. ochuroma, sp. nov. (late late Miocene to early Pliocene), and 

Xanthochorus stephanicus, sp. nov. (early late Miocene). Early late Pliocene specimens of the two extant species, X. 

cassidiformis (Blainville, 1832), and X. buxeus (Broderip, 1833), are documented from southern Peru, as are late Pliocene 

specimens of X. cassidiformis from northern Peru. X. xanthostoma (Broderip, 1833) is considered a synonym of X. 

cassidiformis. The oldest species of Xanthochorus has fluted lamellar axial ribs similar to those of modern South Amer- 

ican species of Trophon Montfort, 1810. An evolutionary history for Xanthochorus is proposed based on shell mor- 

phology and stratigraphic occurrence. 

INTRODUCTION 

The muricid genus Xanthochorus Fischer, 1884, includes 

two living species, Xanthochorus cassidiformis (Blain- 

ville, 1832) and X. buxeus (Broderip, 1833). Both species 

are found in nearshore waters along the western coast of 

South America (Dall, 1909; Alamo & Valdivieso, 1997; 

Figure 1) and both have a reported stratigraphic range in 

Chile back to the early Pleistocene (Herm, 1969). 

The discovery of four new species of fossil Xantho- 

chorus in upper Miocene to upper Pliocene sandstones 

from southern Peru (Figure 2) extends the evolutionary 

history of the genus. The oldest of the four species, X. 

stephanicus, sp. nov., has features reminiscent of Recent 

austral species of Trophon Montfort, 1810. X. ochuroma, 

sp. nov., encompasses a morphological shift from X. ste- 

Pphanicus to the extant X. cassidiformis and X. buxeus. X. 

eripepomis, sp. nov., and X. xuster, sp. nov., are short- 

lived extinct Pliocene taxa. The pattern of evolution ev- 

idenced by the six species resembles that of other endem- 

ic muricid lineages in western South America. 

GEOLOGY 

The Cenozoic stratigraphy of the southern Peruvian Pisco 

and Sacaco foreare basins has been described by Muizon 

& DeVries (1985), Dunbar et al. (1990), and DeVries 

(1998). Upper Miocene and Pliocene marine deposits are 

assigned to the Pisco and La Planchada formations. They 

include thin-bedded tuffaceous and diatomaceous fine- 

grained sandstones, attributed to outer shelf environ- 

ments, and massive tuffaceous coarser-grained sandstones 

from shallower shelf environments. Lying in contact with 

' Mailing address: Box 13061, Burton, Washington 98013 USA. 

outcrops of igneous rock are crossbedded and lenticular 

bioclastic conglomerates, the remnants of shallow subti- 

dal and intertidal deposits that lapped onto pre-Eocene 

erosional platforms or against precipitous Andean foot- 

hills. 

Deposits of the Pliocene Taime formation in northern 

Peru were described by DeVries (1986, 1988). Most 

Taime sediments are thought to have been deposited on 

the inner shelf, nearshore and intertidally, or within an 

elongate lagoon. 

METHODS and MATERIALS 

Peruvian and Argentinian specimens described in this 

study were found by the author. Chilean specimens were 

collected by W. J. Zinsmeister (Purdue University, West 

Lafayette, Indiana, USA). Comparative material was 

studied at the Natural History Museum of Los Angeles 

County in California (LACM), the University of Califor- 

nia Museum of Paleontology in Berkeley, California 

(UCMP), and the Museo Nacional de Historia Natural in 

Santiago, Chile. 

Locality and sample descriptions are listed in the ap- 

pendix. Lengths (L) and widths (W) are measured in mil- 

limeters (mm). Dimensions of broken specimens are en- 

closed by parentheses. Types and figured specimens are 

deposited at the University of Washington’s Burke Mu- 

seum of Natural History and Culture in Seattle, Washing- 

ton (UWBM), Ohio State University’s Orton Museum in 

Columbus, Ohio (OSU), and the Departamento de Ver- 

tebrados, Museo de Historia Natural, Universidad de San 

Marcos, in Lima, Peru (MUSM INV). 

Radiometric dates and biochronostratigraphic ages for 

deposits from the Pisco Basin and outcrops to the south 

are discussed in Dunbar et al. (1990) and DeVries (1998). 
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Basins 

1 Talara / 
Sechura 

2 Pisco 
Sacaco 

Modern ranges 

7, Xanthochorus 
VA cassidiformis 

Xanthochorus 
buxeus 

Figure |. Modern ranges of extant species and location of fore- 

arc basins with late Cenozoic fossils of Xanthochorus. 

SYSTEMATICS 

Family MurIciDAE Rafinesque, 1815 

Subfamily TROPHONINAE Cossmann, 1903 

Genus Xanthochorus Fischer, 1884 

Type species (original designation): Trophon xanthos- 

toma (Broderip, 1833) (synonym of Xanthochorus cas- 

sidiformis (Blainville, 1832)). 

Original description: “‘Labre silloné ou plissé, portant 

un indice de dent comme chez les Chorus; opercule ty- 

pique” (Fischer, 1884, p. 640; as section of Trophon 

Montfort, 1810). 
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Figure 2. Extent of the Pisco Basin in southern Peru. 

Diagnosis: Fusiform, early whorls with regularly spaced 

rounded or rarely fluted axial ribs; axial sculpture on body 

whorl variable but lacking regularly spaced full-length 

lamellar ribs; spiral cords low, flattened, usually present 

on early spire whorls. 

Description: Shell thin to thick, broadly fusiform to pyr- 

iform. Spire 25—45 percent of height, protoconch un- 

known for most species. Teleoconch with 4—6 whorls. 

Sutures impressed, sutural platform and shoulder variably 

developed. Periphery near midpoint of aperture, shell 

sometimes swollen anteriorly. Spire whorls typically with 

8-12 bluntly rounded to lamellar axial ribs; ribs becom- 

ing irregularly developed or obsolete on penultimate or 

body whorl. Spiral sculpture with several low, flattened 

spiral cords on early whorls. Body whorl variably sculp- 

tured, smooth or with up to 100 flattened spiral cords, 

variably differentiated into primary and secondary cords; 

intersection of colabral growth lines and spiral cords of- 

ten scabrous but to varying degrees. Aperture ovate to 

broadly ovate. Outer lip orthocline to slightly prosocline, 

usually with broad sinus at shoulder. Inside of outer lip 

sometimes dentate or crenulate. Columella smooth, usu- 

ally thin, adherent, sometimes slightly excavated. Pseu- 

dumbilicus present, variably developed. Siphonal canal 

one-third to one-half of length of aperture, straight to an- 

gled abaperturely; fasciole parallel with siphonal canal or 

arching abaperturally. 

Discussion: There is no consensus on the higher classi- 

fication of Xanthochorus within Muricidae. Radwin and 

d’ Attilio (1976) placed Xanthochorus in ‘the subfamily 

Ocenebrinae Cossmann, 1903. Vokes (1996a, b) assigned 

the genus to the Ergalaxtinae Kuroda, Habe, & Oyama, 

1971, a subfamily characterized by irregular varices, den- 

ticulate outer lips, and short siphonal canals. S. Kool 
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(written communication, 5 December 1989) considered 

the genus as part of the Trophoninae Cossmann, 1903, as 

did Fischer (1884) and Cossmann (1903). Kool (1993) 

later indicated that Trophon might be more closely related 

to the ocenebrine genera Acanthina Fischer von Wald- 

heim, 1807, and Nucella Roding, 1798, than to other gen- 

era traditionally assigned to the Trophoninae. R. Houart 

(written communication, 11 April 2003) suggested that 

Xanthochorus, with its sublateral opercular nucleus, is 

part of a clade that includes modern species of Trophon 

s.s. (Figures 3, 60). 

Fischer’s (1884) diagnosis of Xanthochorus does not 

distinguish it from Trophon by means of either character 

he cited. Crenulations on the outer lip, for example, result 

mostly from strong spiral sculpture (Figures 17, 59). 

Smooth specimens of Trophon geversianus (Pallas, 1774) 

and X. cassidiformis lack crenulations (Figures 14, 60). 

The presence of a tooth on the outer lip of X. cassidifor- 

mis is similarly related to spiral sculpture. The small 

tooth, when present, is an extension of a strengthened 

anterior primary spiral cord. The tooth differs from those 

of ocenebrines Chorus Gray, 1847, Acanthina, and Her- 

minespina DeVries & Vermeij, 1997, which are formed 

by an infolding of the outer shell, and from the two labral 

teeth of the Recent rapanine Concholepas concholepas 

(Bruguiére, 1789), which are thickened quadrate exten- 

sions of spiral cords. 

The shell of Xanthochorus is best differentiated from 

that of South American species of Trophon by the pres- 

ence of low, flattened, primary spiral cords, secondary 

cords, and intervening shallow, narrow, V-shaped 

grooves. Specimens of Trophon geversianus are charac- 

terized by sharply rounded or weakly triangular spiral 

cords, often alternatingly primary and secondary, and 

broad, U-shaped, flattened interspaces. 

A different character distinguishes species of Xantho- 

chorus from western South America and Trophon species 

from the upper Miocene Entrerriense formation of Ar- 

gentina (Brunet, 1997). Comparison of Brunet’s figures 

and material from W. J. Zinsmeister, in part collected by 

the author (DeVries et al., 1983), shows a remarkable 

convergence between Argentinian trophonids of about 10 

Ma (Scasso et al., 2001) and late Pliocene-to-Recent Pe- 

ruvian specimens of Xanthochorus. The spiral sculpture 

of Entrerriense trophonids, however, consists of alternat- 

ing broad flattened primary and secondary spiral cords or, 

at most, very few secondary cords, in contrast with the 

more numerous narrower and less flattened secondary 

cords in Xanthochorus. Some increase in secondary cords 

is evident in the Entrerriense ‘Trophon’ broggi Brunet, 

1997, but not to the degree seen in Xanthochorus. It 

should be noted as well that late Miocene Argentinian 

trophonids do not resemble contemporaneous late Mio- 

cene Xanthochorus from Peru, but only late Pliocene to 

Recent Xanthochorus taxa. 

The surface sculpture on specimens of Stramonita 
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homogeneus Brunet, 1997, somewhat resembles that 

found on specimens of Xanthochorus cassidiformis with 

subdued axial sculpture, but the former possesses a pa- 

rietal ridge and is only similar in appearance with late 

Pliocene specimens transitional between X. xuster and X. 

cassidiformis, not specimens of contemporaneous late 

Miocene X. stephanicus. 

Xanthochorus has been accorded both masculine and 

feminine status in the naming of species. It can be in- 

ferred from Fischer (1884) that Xanthochorus is the ‘yel- 

low’ Chorus. Whether Gray (1847) meant Chorus to refer 

to a ‘group’ (chorus, -1, masculine, Latin) or a membrane 

(chorion, neuter, Greek), is not known, but his failure to 

choose the Latin word ‘corium’ to replace ‘chorion’ sug- 

gests that the masculine ‘chorus’ was his intent. 

Xanthochorus cassidiformis (Blainville, 1832) 

Figures 3-12, 14, 16 

Purpura cassidiformis Blainville, 1832, p. 230 (also pagi- 

nated as p. 42). 

Purpura cassidiformis Hupé in Gay, 1854, p. 188. 

Trophon (Xanthochorus) cassidiformis Blainville. Dall, 

1909, p. 218. 

Xanthochorus cassidiformis (Blainville). Herm, 1969, p. 

136, pl. 16, figs. 6-8. 

Xanthochorus cassidiformis (Blainville, 1832). DeVries, 

1986, p. 587, pl. 37, figs. 5, 7, 8. 

Xanthochorus cassidiformis (Blainville). Alamo & Valdivie- 

so, 1997, p. 54. 

Xanthochorus cassidiformis (Blainville, 1832). Guzman, 

Sada, & Ortlieb, 1998, p. 32. 

Xanthochorus cassidiformis (Blainville, 1832). Forcelli, 

2000, p. 90, fig. 236. 

Xanthochorus cassidiformis var. lamellosa in DeVries, 1986, 

p. 589, pl. 37, fig. 9. 

Purpura xanthostoma Broderip, 1833, p. 8. 

Purpura xanthostoma Broderip. Hupé in Gay, 1854, p. 189. 

Xanthochorus xanthostoma (Broderip, 1833). Radwin & 

d’ Attilio, 1976, p. 140, pl. 7, figs. 4, 5. 

Murex squamosus Broderip, 1833, p. 176. 

Murex squamosus Sowerby, 1841, pl. 61, fig. 27. 

Coralliophila (Pseudomurex) squamosa Broderip. Alamo & 

Valdivieso, 1997, p. 51, fig. 133. 

Buccinum solidum Philippi, 1887, p. 61, pl. 5, fig. 14. 

Pyrula porphyroidea Philippi, 1887, p. 52, pl. 4, fig. 7. 

Pyrula subnodosa Philippi, 1887, p. 55, pl. 4, fig. 6. 

Diagnosis: Shell large, broadly fusiform, with sloping su- 

tural platform; body whorl with differentiated spiral 

sculpture, often with irregular axial ribs. Outer lip often 

thickened, often dentate. 

Description: Shell thick, 40-75 mm long, broadly fusi- 

form. Spire 25-35 percent of length. Protoconch un- 

known. Teleoconch with 5—6 whorls. Sutures impressed. 

Sutural platform wide, sloping 30—40 degrees. Shoulder 

angular, reinforced by primary spiral cord. Periphery at 

midpoint of aperture’s length; body whorl swollen ante- 

rior to periphery. Spire whorls with about 12 axial ribs, 
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bluntly rounded or rarely lamellar. Body whorl with ir- 

regular, broadly rounded axial ribs; ribs rarely lamellar or 

obsolete. Spiral sculpture with 5—7 primary spiral cords: 

one at shoulder, two straddling periphery, two on anterior 

portion of body whorl, and O—2 near base. Interspaces 

with medial secondary spiral cord and tertiary spiral 

threads. Sutural platform with 1—2 submedial secondary 

cords and 8-15 tertiary threads. Intersection of axial and 

spiral sculpture partially or entirely formed of fine scales. 

Aperture ovate, about 50 percent of shell length. Outer 

lip orthocline, tangential to penultimate whorl, with 

broad, shallow sinus at shoulder in adults, absent in ju- 

veniles; inner edge of lip porcellaneous, usually thick- 

ened, irregularly beveled, sometimes with 10—12 spirally 

elongate teeth, sometimes crenulate; rarely with slight ex- 

tension of next to anteriormost primary spiral cord into 

small broad tooth. Columella adherent, concave, smooth, 

porcellaneous. Siphonal canal one-third to one-half length 

of aperture, somewhat constricted, angled abaperturally 

15-30 degrees or rarely straight. Pseudumbilicus wedge 

shaped. Fasciole prominent, arching parallel to siphonal 

canal. Operculum with sublateral nucleus. 

Type locality: Valparaiso, Chile, gravel and sand bottom, 

14—50 m deep. 

Discussion: Blainville’s (1832) description of Xanthocho- 

rus cassidiformis and Broderip’s (1833) description of X. 

xanthostoma are similar and both species have the same 

type locality. Axial sculpture, sometimes used to distin- 

guish the two taxa, varies from north to south, with 

LACM specimens from Chile, the southern end of the 

modern range, more likely to be strongly sculptured. 

Some late Pliocene specimens from northern Peru, how- 

ever, have ribs as strong as those from Chile (Figures 5, 

7), whereas some late Pleistocene Chilean specimens 

have the same muted sculpture as those typical of Peru 

(Figure 12). 

It was suggested by V. Mogollon and R. Houart (2003, 

personal communications) that Murex peruvianus La- 

marck, 1816, might be an earlier name for Xanthochorus 

cassidiformis. Lamarck (1822) eventually considered his 
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taxon from 1816 to be simply “‘variety b” of Murex ma- 

gellanicus Lamarck, 1822 (= Trophon geversianus). Pho- 

tographs provided by Y. Finet (personal communication, 

2003) of two specimens from Lamarck’s collection that 

might be syntypes or holotypes of M. peruvianus or M. 

magellanicus ‘var. b’ are examples of T. geversianus. It 

remains unclear whether these individuals are indeed type 

specimens, if such specimens were ever collected from 

Peruvian waters, or if the type locality implicit in the 

name ‘peruvianus’ is correct. 

Specimens of the Miocene-Pliocene species, Xantho- 

chorus ochuroma, sp. nov., typically lack axial ribs on 

the penultimate and body whorls, lack well differentiated 

spiral cords, and possess a canaliculate sutural platform 

and keeled or serrated shoulder. Specimens of two new 

Pliocene species, X. xuster and X. eripepomis, lack axial 

ribs on the penultimate and body whorls and have 

smoothly rounded shoulders. 

The oldest known specimens of Xanthochorus cassi- 

diformis (e.g., Figure 16) were found on hillsides over- 

looking Sacaco (Figure 22). At Sacaco, the shell horizons 

lie about 8-10 meters above an angular unconformity. A 

radiometric age of about 3.9 Ma and an early Pliocene 

diatom flora from lower in the Sacaco section and the 

position of the oldest marine terrace 100 meters above 

the occurrences of X. cassidiformis (Muizon & DeVries, 

1985) suggest an age of about 2—3 Ma for these Sacaco 

specimens. 

Near the northern end of its modern range, specimens 

of Xanthochorus cassidiformis (Figures 5, 7, 9) were 

found in the Golf Course Member of the upper Pliocene 

Taime formation of northern Peru (Figure 23) in silty 

sandstones attributed to lagoonal environments (DeVries, 

1986, 1988). Modern specimens in LACM collections 

come from as far north as Manta, Ecuador (0°55’S). 

Material: LACM 75-32 a, W 72.0, L 47.5; LACM 75- 

32, lot of 5; MUSM INV 023, DV 1418-1, L (59.6), W 

43.3; MUSM INV 024, DV 431-1, L 44.0; W (26.1); 

OSU 37369, DV 244-2, L 54.2, W 41.0; OSU 37371, DV 

244-2, L 56.2, W 37.7; UCMP D 5818, L 40.1, W 27.8: 

Figures 3-12, 14, 16. Xanthochorus cassidiformis. Figure 3. LACM 75-32 a, apertural view. Length is 72.0 mm. 

Figure 4. UCMP D 5819 a, apertural view. Length is 30.3 mm. Figure 5. OSU 37371, abapertural view. Length is 

56.2 mm. Figure 6. UCMP D 5819 a, abapertural view. Figure 7. OSU 37369, apertural view. Length is 54.2 mm. 

Figure 8. MUSM INV 023, abapertural view. Length is 59.6 mm. Figure 9. OSU 37371, apertural view. Figure 10. 

UWBM 97396, apertural view. Length is 61.4 mm. Figure 11. UCMP D-5819 b, apertural view. Length is 47.8 

mm. Figure 12. UCMP D-5819 b, abapertural view. Figure 14. UWBM 97397, apertural view. Length is 59.6 mm. 

Figure 16. UWBM 97398, apertural view. Length is 40.7 mm. 

Figures 13, 15, 17-21. Xanthochorus buxeus. Figure 13. UWBM 97401, lateral view. Length is 33.8 mm. Note 

axial ribs extending to penultimate whorl. Broken; anterior missing. Figure 15. UWBM 97400, apertural view. 

Length is 31.3 mm. Figure 17. MUSM INV 025, apertural view. Length is 35.3 mm. Figure 18. MUSM INV 025, 

abapertural view. Figure 19. UWBM 97400, lateral view. Figure 20. UWBM 97399, apertural view. Length is 32.6 

mm. Figure 21. UWBM 97399, abapertural view. 
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UCMP 5819, lot of 21; UCMP D 5819 a, L 30.3, W 19.2; 

UCMP D-5819 b, L 47.8, W 28.4; UCMP D 5819-c, L 

30.4, W 19.5; UWBM 97396, WJZ 345, L 61.4, W 43.3; 

UWBM 97397, DV 732-1, L 59.6, W 46.1; UWBM 

97398, DV 431-1, L (40.7), W (28.4); WJZ 345, lot of 

17. 

Occurrence: Late Pliocene, northern Peru to southern 

Peru. Pleistocene: Southern Peru to southern Chile. Re- 

cent: Ecuador to southern Chile. 

Xanthochorus buxeus (Broderip, 1833) 

Figures 13, 15, 17-21 

Murex buxeus Broderip, 1833, p. 194. 

Pollia buxea. Sowerby, 1841, pl. 61, fig. 28. 

Purpura buxea Broderip. Hupé in Gay, 1854, p. 191. 

Tritonalia buxea Broderip. Dall, 1909, p. 219. 

Ocenebra buxea (Broderip). Herm, 1969, p. 91. 

Ocenebra buxea (Broderip). Keen, 1971, p. 533, fig. 1031. 

Xanthochorus buxea (Broderip, 1833). Marincovich, 1973, 

p. 33, fig. 69. 

Xanthochorus buxeus (Broderip, 1833). Radwin & d’ Attilio, 

1976, p. 139, fig. 87. 
Xanthochorus buxea (Broderip, 1833). DeVries, 1986, p. 

590, pl. 37, figs. 3, 4. 

Ocenebra buxea (Broderip). Alamo & Valdivieso, 1997, p. 

50, fig. 130. 
Murex horridus Broderip, 1833, p. 176. [Not Brocchi, 1814]. 

Murex horridus Broderip. Potiez & Michaud, 1838, p. 417, 

pl. 33, figs. 12, 13. 

Fusus horridus. Sowerby, 1841, pl. 61, fig. 29. 

Trophon (Xanthochorus) horridus Broderip. Dall, 1909, p. 

218. 

Murex broderipii Michelotti, 1841, p. 41. 

Xanthochorus broderipii (Michelotti). Keen, 1971, p. 556, 

fig. 1097. 

Xanthochorus broderipii (Michelotti). Alamo & Valdivieso, 

1997, p. 54. 

Murex boivini Kiener, 1842, v. 7, p. 81, pl. 43, fig. 2. 

Diagnosis: Shell small, high-spired, with strong axial and 

spiral sculpture on all whorls; shoulder rounded; outer lip 

thickened, crenulate or dentate. 

Description: Shell thick, up to 35 mm long, stoutly fu- 

siform. Spire 35-45 percent of height. Protoconch un- 

known. Teleoconch with 4 whorls. Sutures slightly im- 

pressed. Sutural platform planar to slightly convex, in- 

clined 30—50 degrees. Shoulder rounded to intermittently 

angular, reinforced by a primary spiral cord. Periphery at 

or posterior to midpoint of aperture’s length; body whorl 

weakly swollen near base of aperture. Whorls with 8—12 

evenly spaced axial ribs, becoming more irregular on 

body whorl and extending to base. Spiral sculpture with 

5—6 evenly spaced primary spiral cords between shoulder 

and base, with 2—3 secondary cords in interspaces. Su- 

tural platform with 5-8 secondary spiral cords. Tiny 

scales present at intersection of spiral cords and growth 

lines. Aperture ovate, about 30-40 percent of shell 

length. Outer lip slightly prosocline, nearly tangential to 

penultimate whorl, without broad sulcus at shoulder; 

thickened, beveled, with 7-8 circular or spirally elongate 

teeth along inner edge. Columella adherent, smooth, por- 

cellaneous, concave. Siphonal canal short, about one- 

quarter to one-third length of aperture; constricted by 

swollen and thickened outer lip; angled about 20 degrees 

abaperturally. Pseudumbilicus wedge shaped. Fasciole 

strong, arched. 

Type locality: Iquique, Chile, “‘sandy bottom at the depth 

of eighteen fathoms” (Broderip, 1833, p. 194) (18 fm = 

~35 m). 

Discussion: The oldest known specimens of Xanthocho- 

rus buxeus (e.g., Figures 15, 19) are found at Sacaco (Fig- 

ure 22) with specimens of X. xuster near the foot of the 

Sacaco hills in bioclastic sandstone 18 meters above an 

angular unconformity and 10 meters above the first 

known occurrence of X. cassidiformis. A single specimen 

of Xanthochorus (Figure 13) from a nearby horizon (DV 

739-1) has a rounded shoulder and strong axial ribs on 

the spire whorls, like X. buxeus, but no axial ribs on the 

body whorl, nor well differentiated primary spiral cords, 

both characters of X. xuster, with which the morpholog- 

ically intermediate specimen also occurs. 

Adult specimens of Xanthochorus buxeus differ from 

comparably sized juvenile specimens of X. cassidiformis 

(Figures 4, 6, 11, 12) in possessing a rounded shoulder 

and stronger, more regular axial ribs. The persistence of 

regular rounded ribs onto the body whorl of X. buxeus 

represents a paedomorphic expression of patterns of axial 

sculpture seen in older fossil species of the genus. 

Specimens of Xanthochorus buxeus at 18 and 34 m in 

the Sacaco section occur with the gastropods Polinices, 

Nassarius, Mitrella, and Cancellaria buccinoides Sow- 

erby, 1832, and with single valves reworked from beds 

above and below containing paired valves of Pitar and 

Mulinia. Such bivalve associations in northern Peru were 

attributed to nearshore shelf environments (DeVries, 

1986), consistent with settings observed for modern pop- 

ulations of X. buxeus off Chile (Guzman et al., 1998). 

Material: MUSM INV 025, DV 465a-1, L 35.3, W 22.3; 

MUSM INV 026, DV 1422-2, L 29.4, W (15.5); OSU 

37569, DV 136, L 29.8, W 16.9; UWBM 97399, DV 

465a-1, L 32.6, W 20.7; UWBM 97400, DV 1422-2, L 

31.3, W (16.2); UWBM 97401, DV 739-1, L (33.8), W 

(22.2). 

Occurrence: Late Pliocene: southern Peru. Pleistocene: 

Southern Peru to central Chile. Recent: North-central 

Peru to central Chile. 

Xanthochorus xuster, sp. nov. 

Figures 24—30, 32-34 

Diagnosis: Shell with rounded shoulder; axial sculpture 

absent or nearly so on penultimate and body whorls; spi- 
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Figure 22. Sacaco and vicinity with (a) type locality of Xanthochorus eripepomis, sp. nov. (DV 380), (b) type locality of Xanthochorus 

stephanicus, sp. nov. (DV 571), and other locality-samples referred to in text. 

ral sculpture of barely differentiated cords and threads 

entirely covered with rasplike scales. 

Description: Shell thin to moderately thick, length to 70 

mm, fusiform. Spire 25 percent of shell length. Proto- 

conch unknown. Teleoconch with 5—6 whorls. Sutures 

impressed. Sutural platform absent or weakly developed; 

shoulder broadly, evenly rounded. Periphery just poste- 

rior to midpoint of aperture’s length; body whorl slightly 

swollen near base of aperture. Earliest whorls with about 

12 closely spaced axial ribs; axial sculpture usually ab- 

sent on penultimate and body whorls. Spiral sculpture of 

up to 100 spiral cords and threads; every fourth cord 

somewhat strengthened; rasplike scales produced at in- 

tersection of colabral growth lines and spiral cords. Outer 

lip orthocline, nearly tangential to penultimate whorl, 

with broad, shallow sinus between suture and periphery; 

inside edge weakly crenulate. Columella smooth, con- 

cave, slightly excavated. Siphonal canal one-half length 

of aperture, open, usually straight. Pseudumbilicus small, 

narrow; fasciole barely arched. 
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Figure 23. Locality-sample in northern Peru with Pliocene fos- 

sils of Xanthochorus cassidiformis. 

Type locality: Roadcut in Panamerican Highway, over- 

looking Playa Huaccyaco, 10 km south of Chala (DV 

1254-8; Figure 40). 

Discussion: Specimens of Xanthochorus xuster are dis- 

tinguished from those of X. cassidiformis and X. ochu- 

roma by their rounded shoulder and scabrous texture. 

Specimens of X. eripepomis have a rounded shoulder, but 

are entirely smooth on the penultimate and body whorls. 

The thin shell present in many specimens of X. xuster is 

a consequence of diagenesis, as indicated by rarely pre- 

served complete shells (Figures 26, 30). 

Specimens of Xanthochorus xuster are found in upper 

Pliocene deposits between San Juan de Marcona and Ca- 

mana, where they occurs in poorly sorted bioclastic sand- 

stone perched on steep paleo-outcrops of igneous rock. 

The presence of associated rock-dwelling muricids, fis- 

surellids, mytilids, and barnacles suggests high-energy 

subtidal and intertidal environments. 

Some specimens from the lowest beds of upper Plio- 

cene sequences at Sacaco and near Acari are morpholog- 

ically intermediate between Xanthochorus xuster and X. 

cassidiformis (Figures 28, 29). They have a broad aper- 

ture and primary spiral cord on a weakly angled shoulder, 

as do specimens of X. cassidiformis (e.g., Figure 14) and 

scabrous, poorly differentiated spiral cords, as do speci- 

mens of X. xuster. One of the specimens (Figure 29) was 

found together with fossils of X. cassidiformis and X. bux- 

eUus. 

Etymology: ‘xuster,’ Greek noun for ‘rasp,’ referring to 

scabrous texture of shell. 

Material: UWBM 97402, DV 1254-8, holotype, L 

(52.8), W 35.8; UWBM 97403, DV 739-1, paratype, L 

56.0, W 37.9; UWBM 97404, DV 1331-1, paratype, L 
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(43.2), W 36.2; UWBM 97405, DV 1418-1, paratype, L 
67.9, W 44.9; UWBM 97406, DV 1331-1, paratype, L 

55.6, W (35.6); MUSM INV 027, DV 1032-1, paratype, 
L (47.0), W (34.0); MUSM INV 028, DV 1031-1, para- 

type, L (45.8), W (31.4); MUSM INV 029, DV 567-2, 

paratype, L 66.6, W 43.9; MUSM INV 030, DV 1331-1, 

paratype, L (45.5), W 34.7; MUSM INV 031, DV 1416- 

1, paratype, L (48.3), W (44.3). 

Occurrence: Late Pliocene, Sacaco Basin, southern Peru. 

Xanthochorus eripepomis, sp. nov. 

Figures 31, 35—39 

Diagnosis: Shell narrowly fusiform; shoulder rounded; 

lacking axial and pronounced spiral sculpture on penul- 

timate and body whorls. 

Description: Shell thin, length to 60 mm, narrowly fu- 

siform. Spire 25-35 percent of height. Protoconch un- 

known. Teleoconch with 5—6 whorls. Sutures impressed. 

Sutural platform generally absent; shoulder rounded. Pe- 

riphery at mid-point of aperture’s length; body whorl not 

swollen anterior to periphery. Earliest spire whorls with 

about 12 poorly developed, irregular axial ribs; later spire 

whorls, penultimtate whorl, and body whorl without axial 

sculpture. Spiral sculpture on earliest spire whorls con- 

sisting of about 8 primary cords, becoming obsolete on 

later whorls. Aperture ovate, about 60 percent of shell 

length. Outer lip thin, orthocline with broad shallow sul- 

cus at shoulder, not tangential to penultimate whorl; in- 

side edge smooth. Columella smooth, concave, slightly 

excavated. Siphonal canal one-half length of aperture, 

open, straight or slightly angled abaperturally. Pseudum- 

bilicus narrow or absent. Fasciole subdued, barely arched. 

Type locality: Sacaco, 1—2 km north of house and well, 

in section below unconformity, close to valley floor (DV 

380-1; Figure 22). 

Discussion: Specimens of Xanthochorus eripepomis and 

X. xuster are similarly fusiform but the latter species is 

scabrous rather than smooth. Some smooth specimens 

(Figures 31, 36) with a weakly canaliculate sutural plat- 

form and shoulder keel are morphologically intermediate 

between X. ochuroma and X. eripepomis. 

Typical examples of Xanthochorus eripepomis from 

Sacaco occur in deposits of cross-bedded sandstone with 

thick lenticular accumulations of well-preserved bivalves 

(Anadara, Amiantis, Dosinia, and Eurhomalea), numer- 

ous small gastropods (Nassarius, Polinices), and several 

entire skeletons of large cetaceans, suggesting a nearshore 

environment with shallow sandbars and strong currents 

(Muizon & DeVries, 1985). 

Etymology: ‘eripepomis,’ from ‘eripenti,’ Greek adjec- 

tive for ‘fallen,’ and ‘epomis,’ Greek noun for ‘shoulder’; 

describing the steeply sloped shoulders of these speci- 

mens. 
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Material: UWBM 97531, DV 380-1, holotype, L (47.1), 
W 31.7; UWBM 97532, DV 513-1, paratype, L (32.4), 
W 22.4: UWBM 97533, DV 513-1, paratype, L 41.2, W 
(22.7); UWBM 97534, DV 513-1, paratype, L (27.9), W 
23.4, UWBM 97535, DV 513-1, paratype, L (20.8), W 
16.9; MUSM INV 032, DV 513-1, paratype, L (42.2), W 
28.3: MUSM INV 033, DV 513-1, paratype, L (31.5), W 
(18.9); MUSM INV 034, DV 513-1, paratype, L 31.6, W 
(17.0); MUSM INV 035, DV 513-1, paratype, L 28.0, W 
(15.6); MUSM INV 036, DV 513-1, paratype, L (29.0), 
W 20.9. 

Occurrence: Early Pliocene, southern Peru. 

Xanthochorus ochuroma, sp. nov. 

Figures 41—45, 47-50, 53 

Diagnosis: Shell fusiform to pyriform; sutural platform 

usually canaliculate; shoulder turriculate; spiral sculpture 

poorly differentiated on body whorl, sometimes obsolete. 

Description: Shell 45-55 mm long, fusiform to pyriform. 

Spire about 25 to 35 percent of length. Protoconch un- 

known. Teleoconch with 4—5 whorls. Sutures impressed. 

Sutural platform of at least penultimate and body whorls 

planar to canaliculate, horizontal or sloping up to 45 de- 

grees. Shoulder on at least penultimate and body whorls 

turriculate, consisting of prominent primary spiral cord, 

continuous or extended posteriorly as vertical or incurved 

serrations, sometimes fluted. Periphery at midpoint of ap- 

erture’s length; body whorl not swollen anteriorly. Axial 

sculpture on early whorls of about 12 evenly spaced 

bluntly rounded axial ribs, usually becoming irregular and 

obsolete on later whorls. Spiral sculpture of primary and 

secondary cords, fewer in number and rounded on early 

spire whorls, up to 30—40 in number, flattened, and sep- 

arated by narrow incised interspaces on later whorls; may 

be absent or present on sutural platform. Aperture ovate, 

less than one-half shell length. Outer lip orthocline, al- 

most radial, with very weak, broad sulcus at shoulder; 

not thickened, usually smooth on inside edge, rarely with 

8—10 spirally elongate teeth. Columella adherent, smooth, 

concave. Siphonal canal just over half of aperture’s 

length, open to slightly constricted, angled 5—20 degrees 

abaperturally. Pseudumbilicus narrow to absent. Fasciole 

weak, not strongly arched. 

Type locality: DV 472-1, Pampa de Los Chinos, 7 km 

south of Changuillo (Figure 61). 

Discussion: Specimens of Xanthochorus ochuroma are 

common in an upper Miocene-lower Pliocene tidal deltaic 

sequence that occupies the distal reaches of the Rio 

Grande and Rio Nazca valleys. Rocks at the type locality 

near Yauca, 120 km south of Nazca, include cobble con- 

glomerates and sandstones deposited at the mouth of the 

ancestral Rio Yauca. 

Specimens of Xanthochorus ochuroma differ from 
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those of the younger X. cassidiformis by having a nar- 

rower profile; a proportionally longer siphonal canal; ex- 

ceptionally flattened and poorly differentiated spiral 

cords, which are smooth rather than scabrous; and a well 

developed keel on the shoulder. Transitional forms from 

lower Pliocene strata (Figures 45, 48; also UWBM 

97545, unfigured) have irregular axial ribs on the body 

whorl and show a tendency towards increased differen- 

tiation of primary and secondary spiral cords, both char- 

acters of X. cassidiformis. 

Specimens of Xanthochorus ochuroma from Yauca 

(Figures 43, 50, 53) and the lower reaches of the Rio 

Nazca have some features in common with the older X. 

stephanicus, including a nearly smooth body whorl and 

fluted serrations on the shoulder. In these morphologically 

intermediate specimens, however, the fluted serrations 

never occur on the spire whorls. The flutes are laterally 

compressed, almost solid, and grade successively into one 

another to produce a nearly continuous shoulder keel, 

whereas on specimens of X. stephanicus the flutes are 

more broadly open, usually hollow, and individually free- 

standing. 

Material: UWBM 97536, DV 614-3, holotype, L 46.0, 

W 28.6; UWBM 97537, DV 460-1, paratype, L (43.7), 

W 27.3; UWBM 97538, DV 460-1, paratype, L (27.8), 

W 24.8; UWBM 97539, DV 472-1, paratype, L 36.0, W 

21.8; UWBM 97540, DV 613-1, paratype, L 15.9, W 9.5; 

UWBM 97541, DV 472-1, paratype, L 32.2, W 21.6; 

UWBM 97542, DV 613-3, paratype, L (27.7), W 17.9; 

UWBM 97543, DV 613-1, paratype, L 28.4, W 17.6; 

UWBM 97544, DV 460-1, lot of 2; UWBM 97545, DV 

472a-13, lot of 2; UWBM 97551, DV 614-3, L (40.3), 

W 30.3; MUSM INV 037, DV 460-1, paratype, L (44.6), 

W 26.3; MUSM INV 038, DV 472-1, paratype, L 40.3, 

W 26.6; MUSM INV 039, DV 472-1, paratype, L 31.0, 

W 17.5; MUSM INV 040, DV 513-1, L 29.1, W 15.0; 

MUSM INV 041, DV 361-10, paratype, L 19.2, W 10.5; 

MUSM INV 042, DV 472-4, paratype, L 38.5, W 26.3; 

MUSM INV 043, 614-3, lot of 3; MUSM INV 044, DV 

472-4, paratype, L 41.3, W 24.8; MUSM INV 047, DV 

614-3, lot of 3; MUSM INV 049, DV 613-1, lot of 2. 

Etymology: ‘ochuroma,’ Greek noun for ‘fortress’, re- 

ferring to the keeled shoulder and nearly straight-sided, 

spirally grooved body whorl that give the impression of 

a castle wall. 

Occurrence: Late late Miocene to early Pliocene, south- 

ern Peru. 

Xanthochorus stephanicus sp. nov. 

Figures 51, 52, 54-58 

Diagnosis: Shell thin, fusiform to pyriform; sutural plat- 

form of most whorls typically canaliculate, shoulder of 

most whorls typically turriculate with numerous fluted 

serrations. 
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Description: Shell 40—45 mm long, fusiform to pyriform, 

length-to-width proportion about 1.6 to 1.7. Spire 35—45 

percent of height. Protoconch unknown. Teleoconch with 

4—5 whorls. Sutures deeply impressed. Sutural platform 

of all but first whorl typically canaliculate, horizontally 

planar. Shoulder on all but first spire whorl typically with 

9-12 bluntly solid or fluted serrations; serrations upright 

or incurved. Periphery posterior to mid-point of aper- 

ture’s length; body whorl not swollen anteriorly. Axial 

sculpture on early spire whorls of lamellar or bluntly 

rounded ribs extending partly or entirely to base from 

fluted shoulder serrations. Ribs on later whorls irregular, 

typically extending anteriorly less than half the whorl’s 

length. Spiral sculpture on early spire whorls of about 7— 

8 subdued cords; body whorl with 20—40 flattened, sub- 

dued to obsolete cords and threads. Aperture ovate to 

quadrate, less than one-half length of shell. Outer lip or- 

thocline, almost radial, with broad weak sulcus at shoul- 

der; very thin, smooth on inside edge. Columella thin, 

adherent, smooth, weakly concave. Siphonal canal about 

half of aperture’s length, open, somewhat constricted by 

anterior constriction of outer lip; straight or angled up to 

10 degrees abaperturally. Pseudumbilicus very narrow. 

Fasciole weakly to moderately developed, straight or 

slightly arched. 

Type locality: Alto Grande, south of intersection of Pan- 

american Highway with abandoned paved road to San 

Juan de Marcona (DV 571-1; Figure 22). 

Discussion: Lamellar ribs with hollow fluted serrations 

on the shoulder, including discrete flutes on spire whorls, 

distinguish specimens of Xanthochorus stephanicus from 

those of all younger species of Xanthochorus. Specimens 

with well developed lamellar ribs resemble South Amer- 

ican examples of Trophon, except that the lamellar ribs 

of X. stephanicus rarely extend across the midpoint of the 

body whorl and flare radially much less (Figure 57) than 

axial ribs in such species of Trophon as T. geversianus 

(Figures 59, 60). 

Etymology: ‘stephanicus,’ from ‘stephanis,’ Greek noun 
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Figure 40. Type locality (DV 1254) and other locality-samples 

for Xanthochorus xuster, sp. nov. 

for ‘parapet,’ Latinized adjective referring to the serrated 

wall ascending along the shoulder of the whorls. 

Material: UWBM 97546, DV 571-1, holotype, L (36.1), 
W 24.1; UWBM 97547, DV 571-1, paratype, L (9.6), W 

9.9; UWBM 97548, DV 571-1, paratype, L (35.0), W 

20.7; UWBM 97549, DV 571-1, lot of 2; UWBM 97550, 

DV 571-1, paratype, L (33.1), W 20.0; MUSM INV 045, 

DV 571-1, paratype, L (35.2), W 22.4; MUSM INV 046, 

DV 571-1, paratype, L (10.7), W 9.4; MUSM INV 048, 

DV 571-1, paratype, L (29.6), W 17.3. 

Occurrence: Early late Miocene, southern Peru. 

DISCUSSION 

Morphological variability within collections of Xantho- 

chorus from the same locality and from correlative strati- 

graphic horizons is so great that a cladistic analysis of 

characters would require comparing means and standard 

deviations for characters measured on a large number of 

individuals. The scarcity of large numbers for some spe- 

cies presently precludes such a statistical treatment. 

What remains are two lines of evidence for delineating 

phylogenetic relationships: stratigraphic occurrence and 

Figures 24—30, 32-34. Xanthochorus xuster, sp. nov. Figure 24. UWBM 97402, holotype, apertural view. Length 

is 52.8 mm. Figure 25. UWBM 97402, abapertural view. Figure 26. UWBM 97403, paratype, apertural view. Length 

is 56.0 mm. Figure 27. UWBM 97403, abapertural view. Figure 28. MUSM INV 031, paratype, abapertural view. 

Length is 48.3 mm. Figure 29. UWBM 97405, paratype, abapertural view. Length is 67.9 mm. Figure 30. MUSM 

INV 029, paratype, apertural view. Length is 66.6 mm. Figure 32. MUSM INV 030, paratype, apertural view. 

Length is 45.5 mm. Figure 33. MUSM INV 030, abapertural view. Figure 34. MUSM INV 027, paratype, abapertural 

view. Length is 47.0 mm. 

Figures 31, 35-39. Xanthochorus eripepomis, sp. nov. Figure 31. UWBM 97534, paratype, apertural view. Length 

is 27.9 mm. Figure 35. MUSM INV 032, paratype, abapertural view. Length is 42.2 mm. Figure 36. MUSM INV 

034, paratype, abapertural view. Length is 31.6 mm. Figure 37. UWBM 97532, paratype, apertural view. Length is 

32.4 mm. Figure 38. UWBM 97531, holotype, abapertural view. Length is 47.1 mm. Figure 39. MUSM INV 033, 

paratype, abapertural view. Length is 31.5 mm. 
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Table 1 

Contingency table showing possible and realized intermediate morphologies in specimens inferred to be transitional 

between recognized species of Xanthochorus. Specific characters for transitional specimens are listed below. 

YOUNG < OLD 

Xanthochorus buxeus xuster cassdiformis eripepomus ochuroma stephanicus 

YOUNG buxeus - of 

xuster - ff of} 

ih cassidiformis = J 

eripepomus — ff 

OLD ochuroma = ff 

stephanicus i 

buxeus/xuster 

rounded axial ribs on penultimate whorl - buxeus 

rounded shoulder - buxeus 

poorly differentiated spiral sculpture - xuster 

scaley surface - xuster 

cassidiformis/ochuroma 

some degree of differentiation of spiral scultpture - cassidiformis 

keeled shoulder - ochuroma 

narrow aperture and body whorl - ochuroma 

xuster/cassidiformis 

angular, non-keeled shoulder - cassidiformis 

broad aperture and body whorl - cassidiformis 

scaley surface - xuster 

poorly differentiated spiral sculpture - xuster 

eripepomus/ochuroma 

smooth surface - eripepomus 

weakly keeled shoulder - ochuroma 

ochuroma/stephanicus 

spiral sculpture on all whorls - ochuroma 

absence of fluted keel on early whorls - ochuroma 

high keel on shoulder - stephanicus 

incipient fluting on keel - stephanicus 

Figures 41—45, 47-50, 53. Xanthochorus ochuroma, sp. nov. Figure 41. UWBM 97536, holotype, apertural view. 

Length is 46.0 mm. Figure 42. UWBM 97536, paratype, abapertural view. Figure 43. UWBM 97537, apertural 

view. Length is 43.7 mm. Figure 44. MUSM INV 040, paratype, apertural view. Length is 29.1 mm. Figure 45. 

UWBM 97539, paratype, abapertural view. Length is 36.0 mm. Figure 47. MUSM INV 037, paratype, apertural 

view. Length is 44.6 mm. Figure 48. MUSM INV 041, paratype, abapertural view. Length is 19.2 mm. Figure 49. 

MUSM INV 039, paratype, oblique spire view. Length (not visible) is 31.0 mm. Figure 50. UWBM 97537, aba- 

pertural view. Figure 53. UWBM 97538, oblique spire view. Length (not visible) is 27.8 mm. 

Figures 46, 51, 52, 54-58. Xanthochorus stephanicus, sp. nov. Figure 46. MUSM INV 045, paratype, abapertural 

view. Length is 35.2 mm. Figure 51. UWBM 97547, paratype, oblique spire view. Length (not visible) is 9.6 mm. 

Figure 52. UWBM 97546, holotpye, apertural view. Length is 36.1 mm. Figure 54. MUSM INV 048, paratype, 

abapertural view. Length is 29.6 mm. Figure 55. UWBM 97548, paratype, apertural view. Length is 35.0 mm. 

Figure 56. UWBM 97548, abapertural view. Figure 57. UWBM 97546, oblique lateral view. Figure 58. UWBM 

97546, abapertural view. 

Figures 59, 60. Trophon geversianus. Figure 59. DeVries private collection, Punta Villarino, Golfo San José, 

Chubut Province, Argentina, apertural view. Length is 37.6 mm. Figure 60. DeVries private collection, Punta 

Villarino, Golfo San José, Chubut Province, Argentina, apertural view. Length is 44.9 mm. 
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Figure 61. Type locality (DV 472) and other locality-samples 

for Xanthochorus ochuroma, sp. nov. 

the presence or absence of morphologically intermediate 

specimens, i.e., specimens exhibiting characters diagnos- 

tic of two recognized species. Such specimens are pre- 

sumed to represent phylogenetically transitional popula- 

tions and inferred to have lived at the same time or be- 

tween times when one or both of the two recognized taxa 

lived. The stratigraphic distribution of morphologically 

intermediate specimens and their two most similar taxa 

thus becomes a minimal test of their relatedness. If such 

specimens were to occur out of stratigraphic sequence 

with their most similar taxa, the relatedness should be 

called into question and the ‘morphologically intermedi- 

ate’ approach might be considered invalid altogether for 

Xanthochorus. 

Table I shows all possible pairwise combinations of 

recognized taxa of Xanthochorus for which morphologi- 

cally intermediate specimens might be found. Taxa are 

listed from oldest to youngest. Some uncertainty exists 

for the relative ages of the youngest three taxa, which 

appear to have originated within the same very short span 

of time. Checked combinations are marked for morpho- 

logically intermediate specimens that have been found. In 

every case for which morphologically intermediate spec- 

imens were discovered, they were contemporaneous with 

one or both of their associated most similar species or 

found in strata between occurrences of the two most sim- 

ilar species. 

Evolution within the Xanthochorus Clade 

Fossil specimens of Xanthochorus from Peru establish 

a probable origin for the two modern species, X. cassi- 
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diformis and X. buxeus (Figure 62). The Xanthochorus 

clade has its root in the early late Miocene, when speci- 

mens of the small lamellar X. stephanicus were being 

concentrated in shell banks on the exposed north shore 

of an embayment near Sacaco. Within-population phe- 

notypic variation in Xanthochorus was already the norm. 

Most individuals had half-length fluted axial ribs, but 

some had rounded axial ribs on the earliest whorls. Spiral 

cords were usually absent, but on some shells weak spiral 

cords were present, especially on earlier whorls. Spires 

were generally moderately high, except in a few speci- 

mens with tall spires, weakly turriculate shoulders, and 

rounded axial ribs (Figure 54). 

Between 9 Ma and 3 Ma populations of Xanthochorus 

became more robust while occupying environments rang- 

ing from open sandy shelf to delta foreshore. Apertures 

thickened and acquired teeth inside the outer lip; hollow 

fluted serrations on the shoulder coalesced into a contin- 

uous solid keel of diminishing elevation; the siphonal ca- 

nal became shorter; and spiral sculpture became more 

prominent—a suite of characters that define X. ochuroma. 

The trend towards robustness accelerated at about 3 Ma, 

when individuals of X. ochuroma became larger; devel- 

oped strong axial ribs; displayed greater differentiation of 

primary and secondary spiral cords; and greatly thickened 

the outer lip—features that define modern populations of 

X. cassidiformis, which live subtidally on substrates of 

sand and gravel with X. buxeus. 

Evidence from morphologically intermediate speci- 

mens at Sacaco indicates two separate speciation events 

occurred during the Pliocene in which populations of 

Xanthochorus arose with narrow fusiform shapes and 

rounded shoulders. Transitional specimens from Sacaco 

possess features of keeled specimens of delta-front dwell- 

ing X. ochuroma and smooth-sided, slope-shouldered 

specimens of X. eripepomis, which inhabited sandy, tide- 

swept shoals fronting a narrow coastal plain (Muizon & 

DeVries, 1985). X. eripepomis was a short-lived taxon, 

disappearing from the fossil record by about 2.5 Ma. An- 

other collection of transitional specimens from Sacaco 

from around 3 Ma to 2.5 Ma—large individuals with a 

weakly tabulate shoulder and poorly differentiated sca- 

brous spiral cords—unites X. xuster with X. cassidiformis. 

The origin of the paedomorphic Xanthochorus buxeus 

is difficult to determine because the earliest specimens 

are found in the same beds at Sacaco as very old X. cas- 

sidiformis and specimens transitional between X. cassi- 

diformis and X. xuster. A round-shouldered scabrous 

specimen from the same stratigraphic interval with strong 

axial ribs advancing well onto the penultimate whorl ap- 

pears morphologically intermediate between X. xuster and 

X. buxeus. A conservative interpretation would be that X. 

cassidiformis, X. xuster, and X. buxeus constitute an un- 

resolved phylogenetic trichotomy sharing a common an- 

cestor from within a rapidly evolving lineage recently de- 

scended from X. ochuroma. 
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Figure 62. Inferred evolutionary relationships between species of Xanthochorus. Arrangement of tree determined by (1) typical shell 

morphology of taxa, (2) intermediate morphology of atypical specimens, and (3) stratigraphic occurrence. 0/s = transitional specimen 

between Xanthochorus ochuroma and X. stephanicus; e/o = same, between X. eripepomis and X. ochuroma; c/o, same, between X. 

cassidiformis and X. ochuroma; x/c, same, between X. cassidiformis and X. xuster; and b/x, same, between X. buxeus and X. xuster. 
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Fossil Evidence for a “Trophonine’ Origin of 

Xanthochorus 

A ‘trophonine’ origin for Xanthochorus is not indicated 

by the robust, non-lamellar, strongly spirally sculptured, 

dentate modern species, X. cassidiformis and X. buxeus. 

In light of the Peruvian fossil record, however, these two 

species can be viewed as the culmination of evolutionary 

trends towards compactness, robustness, and paedomor- 

phic sculpture within Xanthochorus. Specimens of the 

early late Miocene X. stephanicus share a number of char- 

acters with members of a broader clade including fossil 

and modern South American species resembling Trophon 

geversianus, including lamellar, fluted axial ribs; reduced 

spiral sculpture; a small ovate aperture; and a moderately 

long siphonal canal. The flattened spiral cords and ten- 

dency towards rounded axial ribs on the spire whorls, 

however, place specimens of X. stephanicus at the root 

of a nested clade that includes only younger fossil and 

modern species of Xanthochorus. 

Xanthochorus stephanicus and X. ochuroma shared the 

late Miocene and early Pliocene coast of Peru with other 

species, as yet undescribed, that are more similar to mod- 

ern southern hemisphere Trophon s. s. than Xanthocho- 

rus. No species has yet been found among middle Mio- 

cene muricids from southern Peru that could be a plau- 

sible Trophon-like ancestor to X. stephanicus. 

Pattern of Evolution in South American Muricids 

The pattern of evolution within Xanthochorus is similar 

to that exhibited by other muricid genera endemic to 

western South America (DeVries, 1995, 1997, 2000, in 

press; DeVries & Vermeij, 1997). The early late Miocene 

witnessed the sudden appearance of Chorus and Hermi- 

nespina, as well as Xanthochorus. Acanthina, already pre- 

sent since the latest Oligocene, and Concholepas La- 

marck, 1801, present since the late early Miocene, un- 

derwent significant evolutionary changes just before the 

early late Miocene. Subsequently, all five muricid genera 

showed relatively little morphological change between 

about 9 Ma and 5 Ma. Patterns of extinction and origi- 

nation varied greatly from genus to genus during the early 

Pliocene, but the species composition of all the genera 

underwent dramatic changes during the late Pliocene. 

Thirteen species amongst the five genera became extinct 

between about 3 Ma and 2 Ma, including four species 

that had originated during that same period. Nearly all 

extant species of the extant genera have an origin within 

a few hundred thousand years prior to 2 Ma. Since 2 Ma, 

only Acanthina populations have diverged sufficiently to 

readily justify the recognition of separate species. 

CONCLUSION 

Late Cenozoic fossils from southern Peru provide evi- 

dence for a shared common ancestor for the muricid ge- 
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nus, Xanthochorus, and South American species of Tro- 

phon. The endemic Xanthochorus clade had its origins in 

the early late Miocene and gradually diverged from Tro- 

phon as populations adopted a more robust and compact 

form. The genus attained its maximum diversity (three 

species) and suffered its highest rates of extinction (three 

species) during the late Pliocene, a time when other en- 

demic muricid genera of western South America also ex- 

perienced a higher incidence of origination and extinc- 

tion. The extant X. cassidiformis and X. buxeus appeared 

somewhat earlier than 2 Ma. 
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APPENDIX 

Localities Cited 

DV 136 1 km north of Huanchaco, near Trujillo, 

northern Peru; terrace surface at elevation 

4—7 m above mean sea level. (DeVries, 

1986:842). Holocene. 

5 km south of El Alto, northern Peru, 

southernmost branch of Quebrada Taime, 

dissected hills above cliff face; continuous 

thin shelly sandstone bed in siltstone; Golf 

Course Member of the Taime formation 

(DeVries, 1986:849). Upper Pliocene. 

Sud Sacaco, northeastern edge of de- 

pression near Panamerican Highway, 

15°34'17"S, 74°43'26”"W (Yauca 1:100,000 

quadrangle). Lower Pliocene. 

Sacaco, shelly beds east and north of well 

and house, 15°32'29”"S, 74°43'53”W (Yauca 

1:100,000 quadrangle). Upper lower Plio- 

cene. 

Sacaco, south-southeast of well and house, 

Xanthochorus in ledges above concentra- 

tions of Dosinia (Yauca 1:100,000 quad- 

rangle). Upper lower Pliocene. 

DV 244-2 

DV 361-10 

DV 380-1 

DV 431-1 
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DV 460-1 

DV 465a-1 

DV 472-1 

DV 472-4 

DV 472a-13 

DV 513-1 

DV 567-2 

DV 571-1 

DV 613-1 

DV 613-3 

DV 614-3 

DV 732-1 

Roadcut in Panamerican Highway, north- 

west of Yauca, north face, 15°39'49"S, 

74°31'50"W (Yauca 1:100,000 quadrangle). 

Lower Pliocene. 

San Juan de Marcona—San Nicholas 

bridge, roadcut in terrace (San Juan 1: 

100,000 quadrangle). Upper Pleistocene. 

Pampa Los Chinos, 90 m up section from 

floor of valley, interbedded siltstone and 

sandstone with lenses of mollusks, 

14°43'50"S, 75°13'27"W (Palpa 1:100,000 

quadrangle). Lower Pliocene. 

Pampa Los Chinos, shelly interval lower 

than 90 m elevation in section, 14°43’50"S, 

75°13'27"W (Palpa 1:100,000 quadrangle). 

Lower Pliocene. 

Pampa Los Chinos, mollusks from upper- 

most marine beds, |.3 km east of measured 

section, 14°43'50”"S, 75°13'27"W (Palpa 1: 

100,000 quadrangle). Upper lower Plio- 

cene. 

Sacaco, 1.5 km north of well and house, 

east side of Quebrada Sacaco, shell beds 

over crossbedded sandstones, 15°31'42”S, 

74°43'02"W (Yauca 1:100,000 quadrangle). 

Lower upper Pliocene. 

Sacaco, hillside east of house and well, 

15°32'06"S, 74°43'30"W (Yauca 1:100,000 

quadrangle). Lower upper Pliocene. 

Alto Grande, designated “El Jahuay” in 

Muizon & DeVries (1985), top of hill, 

15°26'57"S, 74°52'06"W (Acari 1:100,000 

quadrangle). Lower upper Miocene. 

5 km downstream from Hacienda Tunga, 

upper fossiliferous beds above gypsum and 

ash (Palpa 1:100,000 quadrangle). Lower 

Pliocene. 

5 km downstream from Hacienda Tunga, 

thin fossiliferous sandstone above lingulid 

sandstone (Palpa 1:100,000 quadrangle). 

Lower Pliocene. 

Usaca, near locality DV 613, shell beds at 

23 m in section, 14°54'36’S, 75°08'55"W 

(Palpa 1:100,000 quadrangle). Lower Pli- 

ocene. 

Sud Sacaco, south end of Quaternary ter- 

race (Yauca 1:100,000 quadrangle). Pleis- 

tocene. 

DV 739-1] 

DV 1031-1 

DV 1032-1 

DV 1254-8 

DV 1331-1 

DV 1416-1 

DV 1418-1 

DV 1422-2 

LACM 75-42 

UCMP-D 

5818 

UCMP D 

5819-2 

WJZ 345 
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Sacaco, hillside east of house and well 

(Yauca 1:100,000 quadrangle). Lower up- 

per Pliocene. 

Morro Abra de los Chaparrinos, half way 

up section, 15°48'41”S, 74°21'18”W (Chala 

1:100,000 quadrangle). Upper Pliocene. 

Morro Abra de los Chaparrinos, descend- 

ing from highest terrace level, south side 

of first curve, 15°52’59”S, 74°10'05”"W 

(Chala 1:100,000 quadrangle). Upper Pli- 

ocene. 

Morro Abra de los Chaparrinos, pebbly 

bioclastic indurated sandstone, 46.5 m in 

section, 15°53'25"S, 74°09'52”W (Chala 1: 

100,000 quadrangle). Upper Pliocene. 

1—2 km north of mouth of Quebrada Car- 

acoles, base of two yellow-green knolls in 

valley, 15°30'13"S, 74°44'32"W (Yauca 1: 

100,000 quadrangle). Lower upper Plio- 

cene. 

‘Rosetta’ knoll, Acari Depression, 

15°36'37"S, 74°38'02"W (Yauca 1:100,000 

quadrangle). Lower Pliocene to Upper Pli- 

ocene. 

East side of Acari Depression, 15°34’50’S, 

74°36'59"W (Yauca 1:100,000 quadrangle). 

Upper Pliocene. 

Sacaco, hillside east of Quebrada Sacaco, 

between 200-m knoll and house with well, 

15°31'43"S, 74°44'38"W (Yauca 1:100,000 

quadrangle). Lower upper Pliocene. 

Chile. Recent. 

Southern outskirts of Coquimbo, just south 

of road intersection to village of La Her- 

radura. Fossiliferous beds resting on older 

sands. Chilean coordinates 6680.45 km N, 

272.75 km E. Collected 1970 by J. W. Dur- 

ham. 

Outcrops in roadcut along road leading to 

village of Guanaqvero, about 2 km north- 

east from village, from terrace beds in top 

of roadcut. Chilean coordinates 6657.75 

km N, 268.5 km E. Collected 1970 by J. 

W. Durham. 

Coquimbo, Chile. Marine terrace. Upper 

Pleistocene. 
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Late Cenozoic Muricidae from Peru: Seven New Species and 

A Biogeographic Summary 

THOMAS J. DEVRIES 

Burke Museum of Natural History and Culture, University of Washington, Seattle, Washington 98195, USA! 

Abstract. Seven new species of muricid gastropods are described from late Cenozoic forearc deposits in Peru: Car- 

huaspina comotrana, gen. & sp. nov.; Eupleura urbinai, sp. nov.; Muregina carlosmartini, sp. nov.; Muregina marijkeae, 

sp. nov.; Tactilispina vermeiji, gen. & sp. nov.; Trophon macharei, sp. nov.; and Phyllonotus, sp. indet. Biogeographic 

and morphological comments are offered on four other muricids: Acanthina katzi Fleming, 1972; Crassilabrum crassi- 

labrum (Sowerby, 1834); Muregina lugubris (Broderip, 1833); and Xanthochorus cassidiformis (Blainville, 1832). The 

late Cenozoic muricid fauna from southern Peru is characterized by a high proportion of toothed species, most belonging 

to a possible Acanthina clade; a high degree of endemism; and a few examples of immigrant taxa from predecessors of 

the modern tropical Panamic Faunal Province, with fewer from predecessors of the modern cold-temperate Magellanic 

Province. 

INTRODUCTION 

Five genera of endemic South American muricids with a 

Cenozoic fossil record in southern Peru (the ocenebrine 

genera Acanthina Fischer von Waldheim, 1807; Chorus 

Gray, 1847; and Herminespina DeVries & Vermeij, 1997; 

the trophonine genus Xanthochorus Fischer, 1884; and 

the rapanine genus Concholepas Lamarck, 1801) have 

been reviewed recently (DeVries, 1995, 1997a, 2000, 

2003, submitted; DeVries & Vermeij, 1997). Collectively, 

they account for most of the muricid species encountered 

in Miocene and Pliocene deposits in southern Peru. Pat- 

terns of muricid evolution and biogeography in Cenozoic 

forerunners of the Peruvian Faunal Province and the or- 

igin of the modern muricid fauna cannot be fully appre- 

ciated, however, until the remaining fossil muricid taxa 

are examined. 

This paper describes additional muricid taxa from late 

Cenozoic beds of northern and southern Peru, including 

one new muricine and one new trophonine species, two 

new genera and species of toothed ocenebrines, and three 

new species of ocenebrines without a labral tooth. Further 

data are presented for several species previously de- 

scribed. Three rapanine species, Stramonita biserialis 

(Blainville, 1832), Stramonita chocolata (Duclos, 1832), 

and Purpura boliviana Philippi, 1887, as well as three 

undescribed species of Stramonita, are included in the 

analysis of the whole muricid fauna, even though an ac- 

count of their fossil record in Peru has yet to be pub- 

lished. 

' Mailing address: Box 13061, Burton, Washington 98013 USA. 

GEOLOGY 

The Cenozoic stratigraphy of the southern Peruvian Pisco 

and Sacaco forearc basins (Figure 1) was described by 

Muizon & DeVries (1985), Dunbar et al. (1990), and 

DeVries (1998). Uppermost Oligocene to middle Mio- 

cene fossiliferous sandstones in the Pisco Basin comprise 

portions of the Chilcatay formation. Upper Miocene and 

Pliocene bioclastic conglomerates and sandstones are as- 

signed to the Pisco and La Planchada formations. A num- 

ber of nearshore paleoenvironments are represented by 

the coarse-grained bioclastic sediments, including rocky 

intertidal cliffs and beaches, mixed sand-and-gravel attri- 

buted to high-energy shorefaces, low-energy embay- 

ments, and well-mixed lagoons. 

Deposits of the Pliocene Taime formation in northern 

Peru were described by DeVries (1986, 1988). Most Tai- 

me sediments are thought to have been deposited on the 

inner shelf, nearshore and intertidally, and within a pro- 

tected lagoon. 

METHODS AnD MATERIALS 

Specimens described in this study were found by the au- 

thor. Locality and sample descriptions are listed in the 

appendix. Lengths (L) and widths (W) are reported in 

millimeters. Dimensions of broken specimens are en- 

closed by parentheses. Types and figured specimens are 

deposited at the University of Washington’s Burke Mu- 

seum of Natural History and Culture in Seattle, Washing- 

ton (UWBM), Ohio State University’s Orton Museum in 

Columbus, Ohio (OSU), and the Departamento de Ver- 

tebrados, Museo de Historia Natural, Universidad de San 

Marcos, in Lima, Peru (MUSM INV). 

Radiometric dates and biochronostratigraphic ages for 
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Figure 1. Location of the Pisco Basin in southern Peru and stratigraphy of Cenozoic marine sediments in the Pisco Basin. Stratigraphy 

based on Dunbar et al. (1990) and DeVries (1998). 

deposits from the Pisco Basin and outcrops to the south 

are discussed by Dunbar et al. (1990) and DeVries 

(1998). 

SYSTEMATIC PALEONTOLOGY 

Family MurRICIDAE Rafinesque, 1815 

Subfamily OCENEBRINAE Cossmann, 1903 

Genus Acanthina Fischer von Waldheim, 1807 

Type species: Buccinum monodon Pallas, 1774. 

Acanthina katzi Fleming, 1972 

Figure 3 

Acanthina crassilabrum katzi Fleming, 1972, in Watters & 

Fleming, 1972, p. 397, figs. 6m—6s. 

Acanthina katzi (Fleming, 1972). DeVries & Vermeij, 1997, 

p. 613, figs. 2.13-2.15. 

Acanthina katzi Fleming, 1972. DeVries, 2003, p. 342, figs. 

59-67. 

Discussion: Juvenile specimens from Lomas Chilcatay 

(Figure 2) constitute the first occurrence of Acanthina 

katzi in upper lower Miocene beds of Peru, with an age 

of about 18 Ma (DeVries, 1998). Other specimens had 

been found in older (latest Oligocene) and younger (mid- 

dle Miocene) strata (DeVries, 2003). 

The labral tooth on one Chilcatay specimen appears as 

a tongue-shaped extension on successive growth lines 

(Figure 3). The beginning of an enrolled labral tooth is 

embedded between the inner and outer shell layers at the 

margin of the outer lip. 

76°10'W 

Cerro 

La Virgen 
A V) 

de la 

Independencia 

@ Locality—sample 

0 5 km 
os 

SCALE 
Contour interval is 100 m 

Figure 2. Map showing the locality-sample of juvenile Acan- 

thina katzi and the type locality of Carhuaspina comotrana, gen. 

& sp. nov. (DV 396-14). 
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Material: (Both DV 396-14, early Miocene). UWBM 

97605, L 8.8, W 6.6; MUSM INV 050, L (9.0) W (6.7). 

Occurrence: Uppermost Oligocene to lower Miocene, 

southern Chile; and to upper middle Miocene, southern 

Peru. 

Genus Carhuaspina DeVries, gen. nov. 

Type species: Carhuaspina comotrana, sp. nov. 

Diagnosis: Shell small, fusiform. Axial sculpture of reg- 

ularly spaced weak swellings; spiral sculpture of about 

30 undifferentiated spiral cords. Inner edge of outer lip 

dentate; labral tooth present. Siphonal canal short, open. 

Description: As for type species. 

Etymology: ‘Carhuas,’ a fishing outpost on Bahia de la 

Independencia and the coastal terminus of an abandoned 

road from Ica that passes by the type locality of Car- 

huaspina comotrana; and ‘spina,’ Latin noun for ‘spine,’ 

referring to the labral tooth. 

Carhuaspina comotrana DeVries, sp. nov. 

Figures 4—6 

Diagnosis: As for genus. 

Description: Shell less than 35 mm long; fusiform. Spire 

less than 25 percent, siphonal canal 15 percent of shell’s 

length. Protoconch unknown. Teleoconch with at least 

four whorls. Sutures adpressed; shoulder barely angled; 

periphery midway between suture and anterior constric- 

tion. Axial sculpture of 12 evenly spaced faint swellings 

on each whorl. Spiral sculpture of about 30 low, rounded, 

smooth spiral cords, nearly uniform in size; cords sepa- 

rated by narrow grooves. Narrow infolding of shell sur- 

face at twentieth spiral cord from suture marked by ada- 

perturally pointed chevrons for last one-third turn of body 

whorl. Aperture elongate-oval; anal sulcus weak, with 

subsutural abaperturally reflected growth line. Columella 

missing. Outer lip prosocline, thickened, concavely bev- 

eled, with short labral tooth at outer edge at termination 

of exterior infolding. Inner edge of outer lip with five 

evenly spaced recessed teeth extending from just anterior 

to labral tooth posteriorly to suture; posteriormost two 

teeth weaker. Siphonal canal short, straight; siphonal fas- 

ciole thick, poorly preserved. 

Discussion: The weak axial sculpture on this sole spec- 

imen of Carhuaspina comotrana, its labral tooth, and the 

dentate, beveled, inner edge of the outer lip (Figure 6) 

are features shared with members of the ocenebrine ge- 

nus, Acanthina, including the contemporaneous Acanthi- 

na katzi (DeVries, 2003). The Carhuaspina specimen dif- 

fers, however, in three important respects. It lacks differ- 

entiated spiral sculpture on all whorls, it has a labral tooth 

formed only from the outer shell layer, and it exhibits a 
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more pronounced abapertural subsutural reflection of an 

otherwise prosocline outer lip. 

Carhuaspina comotrana might be considered a plau- 

sible transitional taxon between middle Miocene A. katzi 

and early late Miocene Chorus frassinettii DeVries, 1997. 

The differentiation of spiral cords on specimens of C. 

frassinettii, however, exceeds that of C. comotrana, and 

as is true for all examples of Chorus, specimens of C. 

frassinettii have an orthocline outer lip without dentition 

(except the labral spine), lack a subsutural reflection, and 

lack axial sculpture (DeVries, 1997a). The Carhuaspina 

specimen does resemble those of the Californian Pliocene 

ocenebrine, Acanthinucella emersoni Hertlein & Allison, 

1959. Specimens of A. emersoni, however, have narrow, 

flat-bottomed interspaces between spiral cords, rather 

than the incised grooves of Carhuaspina, and lack a sub- 

sutural abapertural reflection. 

Etymology: Comotrana, a western suburb of Ica and the 

inland terminus of an abandoned road from the fishing 

outpost at Carhuas. The road passes by the type locality 

of Carhuaspina comotrana. 

Type locality: Lomas Chilcatay, southeast of the Com- 

otrana-Carhuas road (locality-sample DV 396-14), in 

coarse-grained orange sandstone of the Chilcatay forma- 

tion (Figure 2). 

Material: UWBM 97606, DV 396-14, holotype, early 

Miocene, L 24.3, W 16.3. 

Occurrence: Lower Miocene, southern Peru. 

Genus Muregina Vermeiy, 1998 

Type species: Murex lugubris Broderip, 1833. 

Muregina lugubris (Broderip, 1833) 

Figures 7—9 

Murex lugubris Broderip, 1833, p. 175. 

Ocenebra lugubris Vokes, 1971, p. 67. 

Ceratostoma lugubre (Broderip, 1833). Keen, 1971, p. 533, 

fig. 1033. 

Ceratostoma lugubre (Broderip, 1833). Radwin & d Attilio, 

1976, p. 113, pl. 23, figs. 8-9. 

Ceratostoma lugubre (Broderip, 1833). DeVries, 1986, p. 

596, figs. 11, 13. 

Muregina lugubris (Broderip, 1833). Vermeij, 1998, p. 858, 

figs. 1-12. 

Murex fontainei Tryon, 1880, p. 126, pl. 35, figs. 384, 385. 

Purpura fontainei (Tryon). Dall, 1909, p. 220. 

Ceratostoma fontainei (Tryon, 1880). Keen, 1971, p. 533, 

fig. 1032. 
Ceratostoma fontainei (Tryon). Alamo & Valdivieso, 1997, 

p. 50. 

Discussion: A modern specimen of Muregina lugubris 

from Lobitos, northern Peru (OSU 37554; Figures 8, 9) 

has a small labral tooth arising from the fifth primary 

spiral cord from the suture (Figure 7), not from the ex- 
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ternal groove described by Vermeij (1998). Fenolignum 

Vermeij & Vokes, 1997, a late Oligocene ocenebrine from 

North Carolina, also has a labral tooth arising from a 

spiral cord and is, therefore, more similar to Muregina 

than once thought. Both genera have teeth inside the outer 

lip (Vermeij & Vokes, 1997; Vermeij, 1998). What best 

distinguishes Muregina from Fenolignum is the former’s 

stubby biconic shape, which results from a well devel- 

oped, planar, nearly horizontal sutural platform. 

Material: OSU 37554, DV 211-21, Recent, L 27.5, W 

19.0. 

Occurrence: Recent, Costa Rica to Paita, Peru. 

Muregina marijkeae, sp. nov. 

Figures 10—13 

Ceratostoma marijkeae DeVries, 1986, p. 595, pl. 35, figs. 
8, 9, 12 (unpublished doctoral dissertation). 

Diagnosis: Fusiform, with nine blade-like abaperturally 

flared varices on body whorl; sealed siphonal canal; no 

labral tooth. 

Description: Shell about 35 mm long; fusiform. Spire 30 

percent, siphonal canal 20 percent of shell length. Pro- 

toconch unknown. Teleoconch with at least four whorls. 

Shoulder weakly angulate; sutures impressed; sutural 

platform planar, weakly inclined. Periphery anterior to 

midpoint of aperture. Axial sculpture of nine bladelike 

abaperturally flared varices extending from suture to si- 

phonal fasciole; varices weakly spinose at intersection 

with posteriormost three spiral cords; spines short, broad- 
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ly open. Spiral sculpture of three primary cords: first at 

shoulder, second at periphery, third halfway between first 

and second. Two to three weak primary cords on anterior 

half of whorl; two to three secondary spiral cords be- 

tween primary cords. Aperture oval; anal sulcus barely 

perceptible. Columella smooth, inner lip adherent. Outer 

lip slightly prosocline, planar; anterior half of inside sur- 

face with five small recessed teeth. Labral tooth absent. 

Siphonal canal closed, twisted left, then right and slightly 

dorsally. Strong siphonal fasciole; pseudumbilicus broad- 

ly wedge-shaped. 

Discussion: The two known specimens of Muregina mar- 

ijkeae share with specimens of M. /ugubris a similar spi- 

ral sculptural pattern, aperture, and closed siphonal canal, 

but differ by having more blade-like varices, less well 

developed spiral sculpture, and no labral tooth. The ab- 

sence of a labral tooth could be considered a noteworthy 

difference at the generic level, but as observed by Ver- 

mel (1998), M. lugubris might be the only member of 

its genus with a labral tooth, as is the case for Jaton 

decussatus (Gmelin, 1791), a late Pleistocene toothed 

species of the late Oligocene to Recent edentate Jaton 

Pusch, 1837 (Vermeij & Houart, 1996). 

Etymology: Named for the author’s wife, Marijke van 

Heeswyk. 

Type locality: Southeastern rim of Quebrada Taime, 

south of El Alto (locality-sample DV 244-2), northern 

Peru (Figure 25). Two specimens were recovered from 

lagoonal siltstones of the Golf Course member of the Tai- 

me formation (DeVries, 1986, 1988). 

Figure 3. Acanthina katzi Fleming, 1972. UWBM 97605. Oblique anteriolateral view of the labral tooth expressed 

in growth lines on the surface of the body whorl (a) and embedded between the inner and outer shell layers at the 

margin of the outer lip (b). Specimen is 8.8 mm long. 

Figures 4-6. Carhuaspina comotrana, gen. & sp. nov. UWBM 97606. Figure 4. Holotype, abapertural view. 

Length is 24.3 mm. Figure 5. Apertural view. Figure 6. Close-up of the labral tooth and dentition inside of the 

outer lip. 

Figures 7-9. Muregina lugubris (Broderip, 1833). OSU 37554. Figure 7. Oblique view of anterior showing labral 

tooth passing through penultimate (c) and last varices (d). Length is 27.5 mm. Figure 8. Apertural view. Figure 9. 

Abapertural view. 

Figures 10-13. Muregina marijkeae, sp. nov. Figure 10. OSU 37552. Syntype, apertural view. Length is 30.6 mm. 

Figure 11. OSU 37552. Close view of dentition inside the outer lip. Figure 12. OSU 37552. Abapertural view. 

Figure 13. OSU 37553. Syntype, apertural view showing fused siphonal canal. Length is 32.3 mm. 

Figures 14-19. Muregina carlosmartini, sp. nov. Figure 14. UWBM 97607. Holotype, abapertural view. Length 

is 31.4 mm. Figure 15. UWBM 97608. Paratype, abapertural view of broken specimen. Length is 30.0 mm. Figure 

16. MUSM INV 051. Paratype, abapertural view, spire is missing. Length is 22.3 mm. Figure 17. UWBM 97610. 

Paratype, abapertural view, spire is missing. Length is 22.4 mm. Figure 18. MUSM INV 054. Paratype, juvenile, 

apertural view, columella and siphonal canal are missing. Length is 13.5 mm. Figure 19. UWBM 97611. Paratype, 

lateral view of body whorl, obscured by matrix. Length is 32.0 mm. 

Figures 20-24. Eupleura urbinai, sp. nov. Figure 20. UWBM 97621. Holotype, apertural view. Length is 22.1 

mm. Figure 21. UWBM 97623. Paratype, abapertural view. Length is 12.4 mm. Figure 22. UWBM 97621. Aba- 

pertural view. Figure 23. UWBM 97622. Paratype, apertural view. Length is 20.9 mm. Figure 24. UWBM 97622. 

Abapertural view. 
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Material: Both DV 244-2, late Pliocene. OSU 37552, 

syntype, L 30.6, W 20.8; OSU 37553, syntype, L 32.3, 

W (21.3). 

Occurrence: Upper Pliocene, northern Peru. 

Muregina carlosmartini, sp. nov. 

Figures 14—19 

Diagnosis: Shell squatly fusiform, with eight to twelve 

lamellar varices, seven or eight primary spiral cords; no 

labral tooth. 

Description: Shell to 45 mm long; squatly fusiform. 

Spire poorly preserved, about 25 percent of shell length; 

body whorl weakly constricted anteriorly, siphonal canal 

less than 20 percent of shell length. Protoconch unknown. 

Teleoconch with four to five whorls. Shoulder angulate; 

sutures impressed; sutural platform planar, moderately to 

steeply inclined. Whorls with eight to twelve rounded to 

lamellar varices, uniformly spaced, extending from suture 

to shoulder to siphonal fasciole; variably flaring adaper- 

turally or recurved abaperturally at intersection of varices 

and spiral cords. Spiral sculpture absent from sutural plat- 

form; with seven sharply rounded primary cords between 

shoulder and siphonal fasciole; interspaces usually with 

medial secondary cord and one to two intervening tertiary 

cords separated by narrow grooves; spiral sculpture some- 

times subdued or obsolete. Short spines produced at in- 

tersection of primary spiral cords and lamellar varices. 

Shape of aperture and columella unknown. Outer lip 

broad when terminal lamellae present but not thickened 

from within; possibly dentate within inner margin; labral 

tooth absent. Siphonal canal short, open. Siphonal fasci- 

ole slightly stronger than primary spiral cords. 

Discussion: The axial and spiral sculpture on specimens 

of Muregina carlosmartini is like that on specimens of 

M. lugubris, except that all primary spiral cords on the 

former are about equally strong. Like specimens of M. 

marijkeae, those of M. carlosmartini lack a labral tooth. 

Some specimens of Muregina carlosmartini from Sud- 

Sacaco intertidal bioclastic sandstones have sharper, ada- 

perturally flaring lamellar varices and reduced spiral 

sculpture, especially on the body whorl. A specimen with 

an intermediate morphology (Figure 19) suggests that 

both phenotypes should be assigned to the same species. 

Most specimens of Muregina carlosmartini were found 

in lower Pliocene beds (Muizon & DeVries, 1985) near 

Sacaco (Figure 26). The oldest specimen of M. carlos- 

martini (Figure 17) was found in a shell bank ringing 

basement rocks on the eastern side of Quebrada Riachue- 

lo (Figure 50). Associated invertebrates from this shore- 

face deposit, particularly the muricids Acanthina obesa 

DeVries, 2003; Herminespina philippi Moricke, 1896; 

and Concholepas kieneri Hupé, 1854, suggest a late Mio- 

cene age. Sandstones 50 meters lower in the section con- 
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tain a middle Miocene molluscan assemblage with Ana- 

dara sechurana Olsson, 1932, Turritella infracarinata 

Gryzbowski, 1899, and A. katzi. Shell beds from shell 

banks 20-30 meters higher in the section yield early Pli- 

ocene specimens of Acanthina triangularis DeVries, 

2003, and Herminespina saskiae DeVries & Vermeij, 

1997. 

Type locality: Sud-Sacaco (locality-sample DV 361-5) in 

beds flanking a depression on the west side of the Pana- 

merican Highway (Figure 26). 

Etymology: Named in memory of Carlos Martin, Sr., the 

late owner of a small farm and olive grove at Sacaco and 

once a tireless collector of fossil vertebrates. 

Material: UWBM 97607, DV 361-5, holotype, early Pli- 

ocene, L (31.4), W 24.1; UWBM 97608, DV 360-1, para- 

type, early Pliocene, L (30.0), W (25.2); UWBM 97609, 

DV 360-1, paratype, early Pliocene, L (25.9), W (18.9); 

UWBM 97610, DV 1230-1, paratype, late Miocene, L 

(22.4), W (20.3); UWBM 97611, DV 361-10, paratype, 
early Pliocene, L (32.0), W (25.3); MUSM INV 051, DV 

360-1, paratype, early Pliocene, L (22.3), W (16.7); 

MUSM INV 052, DV 362-1, paratype, early Pliocene, L 

(23.4), W (19); MUSM INV 053, DV 360-1, paratype, 

early Pliocene, L (28), W (19); MUSM INV 054, DV 

1029-1, paratype, early Pliocene, L (13.5), W 10.2. 

Occurrence: Upper Miocene to lower Pliocene, southern 

Peru. 

Genus Eupleura H. & A. Adams, 1853 

Type species: Ranella caudata Say, 1822, by subsequent 

designation, E C. Baker, 1895. 

Eupleura urbinai, sp. nov. 

Figures 20—24 

Diagnosis: Dorso-ventral compression not pronounced; 

two opposing varices rounded, weakly angled at shoulder. 

Description: Shell less than 25 mm long; broadly fusi- 

form, dorso-ventral compression not pronounced. Spire 

50 percent, siphonal canal 20 percent of shell length; lat- 

ter sharply constricted. Protoconch unknown. Teleoconch 

with four whorls. Sutures impressed, shoulder weakly an- 

gulate, sutural platform narrow, planar, steeply sloping. 

Periphery slightly anterior to shoulder. Axial sculpture of 

nine to eleven rounded ribs on early whorls; body whorl 

with two opposing varices and three low rounded inter- 

vening ribs. Spiral sculpture of six to eight primary spiral 

cords between shoulder and anterior end; second, third, 

and fourth cords more widely spaced; remaining posterior 

cords weakly developed. Interspaces with one to three 

secondary spiral cords. Aperture broadly oval. Parietal 

and columellar margins missing. Outer lip thickened as 

varix; inside edge with five to six round, evenly spaced, 
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Figure 25. Type locality (locality-sample DV 244-2) of Mure- 

gina marijkeae, sp. nov. 

bead-like teeth. Siphonal canal straight, open; slightly an- 

gled to left but not dorsally. Siphonal fasciole weakly 

arched; pseudumbilcus absent. 

Discussion: Specimens of Eupleura urbinai are neither 

greatly compressed dorsoventrally nor are the varices 

alate. Thus, they differ from specimens of eastern tropical 

Pacific E. muriciformis (Broderip, 1833) (Pliocene to Re- 

cent; see Pilsbry & Olsson, 1941, and Vokes, 1989), E. 

prenitida Vokes, 1989 (Miocene), EF. nitida (Broderip, 

1833) (Recent), and E. pectinata (Hinds, 1844) (Miocene 

to Recent). Specimens of E. urbinai are even less sharply 

sculptured than specimens of E. thompsoni Woodring, 

1959, from the upper Miocene Gatun formation of Pan- 

ama (see Woodring, 1959, and Vokes, 1989b). They most 

resemble specimens of E. plicata (Reeve, 1844), a species 

that presently ranges from Central America to northern 

Peru (G. Herbert, written communication, 2004). Speci- 

mens of E. urbinai have three intervarical ribs, however, 

rather than the five or six present on specimens of E. 

plicata. 

Etymology: Named for Mario Urbina Schmidt, who has 

worked selflessly to advance the causes of vertebrate pa- 

leontology and paleontology students in Peru. 

Type locality: Roadcut along the Panamerican Highway 

on the north side of the Yauca Valley (locality-sample 

DV 809-1) in a bioclastic sandstone horizon (Figure 26). 

Material: UWBM 97621, DV 809-1, holotype, L (22.1), 

W 14.6; UWBM 97622, DV 809-1, paratype, L 20.9, W 

11.3; UWBM 97623, DV 809-1, paratype, L 12.4, W 7.6. 

All early Pliocene. 

Occurrence: Lower Pliocene, southern Peru. 
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Figure 26. Type localities of Muregina carlosmartini, sp. nov. 

(locality-sample DV 361-5); Eupleura urbinai, sp. nov. (DV 809- 

1); and Trophon macharei, sp. nov. (DV 809-1). 

Genus Crassilabrum Jousseaume, 1880 

Type species: Murex crassilabrum (Sowerby, 1834). 

Crassilabrum crassilabrum (Sowerby, 1834) 

Figures 27—35 

Murex labiosus Gray, 1828, p. 4, pl. 6, fig. 9 (not Murex 

labiosus Wood, 1828). 

Purpura crassilabrum Sowerby II, 1834, fig. 14. 

Murex crassilabris Potiez & Michaud, 1838, p. 414, pl. 33, 

figs. 10, 11. 

Crassilabrum crassilabrum Jousseaume, 1880, p. 335. 

Tritonalia crassilabrum Sowerby. Dall, 1909, p. 219. 

Tritonalia crassilabrum (Gray). Herm, 1969, p. 91. 

Crassilabrum crassilabrum (Sowerby, 1834). Marincovich, 

19735\ps335 ns: 7.0: 
Crassilabrum crassilabrum (Sowerby, 1834). DeVries, 

1986, p. 610, figs. 14, 15. 
Crassilabrum crassilabrum (Sowerby). Alamo & Valdivie- 

so, 1997, p. 54, fig. 138. 

Crassilabrum crassilabrum (Sowerby, 1834). Forcelli, 2000, 

p. 89, fig. 236. 

Discussion: The geographic range of Crassilabrum cras- 

silabrum is herein extended for the late Pliocene, early 

Pleistocene, and middle Pleistocene from its modern 

northern limit of about 8°S (Alamo & Valdivieso, 1997) 

to 4°30’S, where it occurs in deposits of the Mancora and 

Talara tablazos (DeVries, 1986, 1988). In southern Peru, 

specimens occur at all subepochal intervals back to the 

late early Pliocene. No differences were noted between 

the youngest and oldest specimens. To date, no tricordate 

ocenebrines lacking a labral tooth that might plausibly be 

ancestral to C. crassilabrum have been found in lower- 

most Pliocene or upper Miocene deposits of Peru. A Mio- 

cene or early Pliocene Crassilabrum from Chiloe Island, 

southern Chile (Watters & Fleming, 1972), is misidenti- 

fied; it may be an example of Vitularia Swainson, 1840, 
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or a related undescribed genus (G. Herbert, 2003, per- 

sonal communication). 

Material: MUSM INV 055, DV 465a-1, late Pleistocene, 

L 27.4, W 17.5; MUSM INV 056, DV 399-1, Recent, L 

21.9, W 12.6; MUSM INV 057, DV 810-1, early Pleis- 

tocene, L (22.5), W 15.6; MUSM INV 058, DV 769-1, 

middle Pleistocene, L (22.4), W 16.6; MUSM INV 059, 

DV 1031-1, early late Pliocene, L (15.3), W (11.6); OSU 

37543, DV 112, early to middle Pleistocene, L 29.7; OSU 

37544, DV 191, late Pliocene, L 29.5; OSU 37545, DV 

202, early Pleistocene, L (16.8), W 13.0; W (19); UWBM 

97612, DV 1372-1, Recent, L 20.3, W 11.1; UWBM 

97613, DV 923-1, late early Pliocene, L (17.5), W (8.1); 

UWBM 97614, DV 1418-1, late Pliocene, L (24.2), W 

17.4: UWBM 97615, DV 1254-12, late Pliocene, L 

(12.2), W (6.6). 

Occurrence: Lower Pliocene, southern Peru. Upper Pli- 

ocene, northern to southern Peru. Early Pleistocene, 

northern Peru to Chile. Recent: Southern Peru to Chile. 

Tactilispina, gen. nov. 

Type species: Tactilispina vermeiji, sp. nov. 

Diagnosis: Eight to eleven axial ribs per whorl on pos- 

terior half of whorl; sometimes with short, recurved, hol- 

low spines at shoulder; six primary spiral cords, fifth ex- 

tended as spatulate tooth; elongate open siphonal canal. 

Description: As described for species. 

Etymology: ‘Tactilis, Latin adjective, ‘able to be 

touched,’ and ‘spina,’ Latin noun, ‘spine,’ named for the 

paleontologist Geerat Vermeij’s ability to see a fossil with 

his fingers. 
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Tactilispina vermeiji, sp. nov. 

Figures 36—49 

Diagnosis: As described for genus. 

Description: Shell about 35 mm long; fusiform. Spire 30 

to 35 percent of shell length. Base of body whorl sharply 

constricted, siphonal canal moderately elongate, about 20 

percent of shell length. Protoconch unknown. Teleoconch 

with four to five whorls. Shoulder angulate; sutures weak- 

ly impressed; sutural platform planar, weakly to moder- 

ately inclined. All whorls with eight to eleven axial ribs; 

ribs low across the sutural platform, well developed on 

posterior half of whorl, generally absent anterior to 

whorl’s constriction. Spiral sculpture of six low rounded 

to steeply rounded primary spiral cords posterior to 

whorl’s constriction. Anteriormost cord at shoulder, 

sometimes producing short, abaperturally and adaxially 

recurved hollow spines at intersection with axial ribs. 

Second anteriormost spiral cord at periphery; fifth cord 

extended through depression in varix or rib as bluntly 

rounded spatulate labral tooth. Sutural platform with eight 

low rounded to flattened secondary spiral cords. Two to 

four secondary cords between primary spiral cords, 

twelve to fourteen anterior to sixth primary cord; all sec- 

ondary cords separated by narrow grooves; some cords 

bisected with narrow groove. Aperture oval. Anal sulcus 

barely perceptible; parietal area slightly excavated. Col- 

umella smooth, anterior portion of inner lip adherent. 

Outer lip with six low, oval, recessed teeth, each corre- 

sponding to an external primary interspace. Siphonal ca- 

nal elongate, open to nearly closed, straight to slightly 

recurved left and dorsally. Siphonal fasciole arched; pseu- 

dumbilicus wedge-shaped. 

Discussion: Specimens of Tactilispina vermeiji were 

found on the eastern slopes of the Rio Ica in channel 

Figures 27-35. Crassilabrum crassilabrum (Sowerby, 1834). Figure 27. MUSM INV 055. Apertural view. Length 

is 27.4 mm. Figure 28. UWBM 97613. Abapertural view of outer lip fragment. Length is 17.5 mm. Figure 29. 

MUSM INV 055. Abapertural view. Figure 30. UWBM 97612. Apertural view. Length is 20.3 mm. Figure 31. 

UWBM 97612. Abapertural view. Figure 32. MUSM INV 056. Apertural view. Length is 21.9 mm. Figure 33. 

MUSM INV 059. Abapertural view of broken specimen. Length is 15.3 mm. Figure 34. OSU 37545. Abapertural 

view of broken specimen. Length is 16.8 mm. Figure 35. MUSM INV 057. Abapertural view. Length is 22.5 mm. 

Figures 36-49. Tactilispina verneiji, gen. & sp. nov. t labral tooth. Figure 36. MUSM INV 060. Paratype, 

abapertural view. Length is 29.4 mm. Figure 37. MUSM INV 060. Lateral view. Figure 38. MUSM INV 060. 

Oblique lateral view showing labral tooth extending through penultimate varix. Figure 39. UWBM 97616. Holotype, 

close view of dentition of inside of outer lip. Length is 27.3 mm. Figure 40. UWBM 97616. Apertural view. Figure 

41. UWBM 97616. Abapertural view. Figure 42. MUSM INV 061. Paratype, abapertural view. Length is 24.8 mm. 

Figure 43. MUSM INV 061. Lateral view. Figure 44. MUSM INV 062. Paratype, oblique lateral view showing 

labral tooth extending through penultimate varix. Length is 23.5 mm. Figure 45. UWBM 97618. Paratype, apertural 

view, outer lip missing. Length is 11.0 mm. Figure 46. UWBM 97619. Paratype, lateral view of broken specimen. 

Length is 23.3 mm. Figure 47. UWBM 97617. Paratype, lateral view. Length is 30.0 mm. Figure 48. UWBM 

97619. Oblique view of spire. Width is 14.0 mm. Figure 49. MUSM 063. Paratype, view of spire. Width is 14.4 

mm. 
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Figure 50. Type locality (DV 1180) of Tactilispina vermeiji, 

sp. nov., locality-sample (DV 1230-1) of oldest specimen of Mu- 

regina carlosmartini, sp. nov., and locality-sample (DV 484-6) 

of Phyllonotus, sp. indet. Other localities with T. vermeiji (DV 

1021, 1307) are also noted. 

deposits above Quebrada Gramonal and on the western 

slopes in a paleo-strandline deposit at the foot of Cerro 

Yesera de Amara (Figure 50). Associated mollusks at 

Quebrada Gramonal (Turritella infracarinata, Ficus al- 

lemanae DeVries, 1997, Anadara sechurana, Acanthina 

katzi) suggest a late middle Miocene age (DeVries, 

1997b, c). The same middle Miocene assemblage at Yes- 

era de Amara occurs about 20 meters above a horizon 

containing 7. vermeiji with Ficus distans Sowerby, 1846; 

Acanthina katzi; Olivancellaria tumorifera (Hupé, 1854); 

and Testallium cepa (Sowerby, 1846). The occurrence to- 

gether of the latter species suggest a latest early Miocene 

or early middle Miocene age (DeVries, 1998). 

Specimens of Tactilispina vermeiji range from being 

fusiform, tightly constricted anteriorly, with a spinose 

shoulder, well developed axial ribs, and well differenti- 

ated, steeply rounded spiral cords (Figures 36—41), to tri- 

gonally fusiform, with only a moderate anterior constric- 

tion, a shoulder with low knobs, broadly rounded axial 
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ribs, and flattened, poorly differentiated spiral cords (Fig- 

ures 42, 43, 46, 47). Some specimens show a diminish- 

ment of sculpture from the earliest whorls, where fluted 

spines occur at the shoulder of every axial rib, to the body 

whorl, on which shoulder spines and spiral sculpture are 

greatly reduced (Figures 48, 49). 

The phylogenetic position of Tactilispina is unclear. 

The labral tooth emerging from the fifth spiral cord sug- 

gests an affinity with Ocinebrellus Jousseaume, 1880, or 

Muregina. Supposing that T. vermeiji is a member of the 

Muregina clade, however, requires that (1) the labral 

tooth arose twice within the Muregina clade or that (2) 

taxa should be divided into a toothed lineage (late early 

Miocene to Recent, 7. vermeiji and M. lugubris) and un- 

toothed lineage (early late Miocene to late Pliocene, M. 

carlosmartini and M. marijkeae). New material is needed 

to distinguish between these phylogenetic hypotheses or 

disprove both. 

Specimens of Tactilispina superficially resemble those 

of species of Ocinebrellus Jousseaume, 1880, especially 

some figured by Amano & Vermeij (1998) and Houart & 

Sirenko (2003; therein referred in many cases to Ocene- 

bra). Tactilispina, however, has rounded axial ribs rather 

than flaring varices; rarely exhibits ribs with stacked 

growth lines facing adaperturally; never has a closed si- 

phonal canal; always has a labral tooth; and has primary 

spiral cords that are either subequal in size or more 

strongly developed for the anteriormost two or three 

cords, only. The presence or absence of these features or 

their predominance are commonly used to distinguish 

ocenebrinine genera (Vermeij, 1998; Vokes & Vermeij, 

1998) and serve equally well to define Tactilispina. 

Two Ecuadorian taxa bear some resemblance to Tac- 

tilispina vermeiji. Trophon ecuadorius Olsson, 1964, 

from the Pliocene ‘Esmeraldas beds’ of northwest Ecua- 

dor, was assigned to Ocinebrellus by Vokes (1988), who 

noted the presence of stacked laminae in the varices and 

a closed siphonal canal, and to Muregina by Vermeij 

(1998), who noted the absence of an adapical apertural 

sinus and abaperturally recurved spines on the axial ribs. 

The sum of characters for either genus, however, does not 

match that of Tactilispina. Ceratostoma notiale Vokes, 

1988, also from the Pliocene ‘Esmeraldas beds’ of Ec- 

uador, has four slightly flanged ribs on the body whorl, 

unlike Tactilispina. 

Etymology: Named for the paleontologist Geerat Ver- 

meij, who has added greatly to our understanding of the 

evolution of toothed gastropods. 

Type locality: The lower flanks of eastern hills over- 

looking Quebrada Gramonal (locality-sample DV 1180- 

1) near its intersection with the Rio Ica (Figure 50). 

Material: UWBM 97616, DV 1180-1, holotype, L 

(27.3), W 17.9; MUSM INV 060, DV 1180-1, paratype, 

L 29.4, W (17.6); MUSM INV 061, DV 1307-1, paratype, 
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Figures 51-53. Xanthochorus cassidiformis (Blainville, 1832). OSU 37546. Figure 51. Apertural view. Length is 47.5 mm. Figure 52. 

Close view of corrugated spiral threads. Figure 53. Abapertural view. 

Figures 54, 55.. Trophon macharei, sp. nov.. UWBM 97620. Holotype. Figure 54. Apertural view. Length is 37.9 mm. Figure 55. 

Abapertural view. 

Figures 56, 57. Phyllonotus sp. indet. UWBM 97624. Figure 56. Apertural view, most of the right side is missing. ind—inductura, 

sf—siphonai fasciole, sc—siphonal canal. Length is 50.6 mm. Figure 57. Lateral view. 

L (24.8), W 17.6; MUSM INV 062, DV 1021-3, paratype, 

L (23.5); MUSM INV 063, DV 1307-1, W 14.4; UWBM 

97617, DV 1307-1, paratype, L 30.0, W 17.0; UWBM 

97618, DV 1307-1, paratype, L 11.0, W (7.5); UWBM 

97619, DV 1021-3, paratype, L 23.3, W (14.0). All latest 

early Miocene to early middle Miocene. 

Occurrence: Uppermost lower Miocene to lower middle 

Miocene, southern Peru. 

Subfamily Trophoninae Cossmann, 1910 

Genus Xanthochorus Fischer, 1884 

Type species: Trophon xanthostoma (Broderip, 1833) 

(synonym of Xanthochorus cassidiformis (Blainville, 

1832)). 

Xanthochorus cassidiformis (Blainville, 1832) 

Figures 51-53 

Purpura cassidiformis Blainville, 1832, p. 230 (also pagi- 

nated as p. 42). 

Xanthochorus cassidiformis (Blainville, 1832). DeVries, 

submitted, figures 3-12, 14, 16. 

Xanthochorus cassidiformis var. lamellosa. DeVries, 1986, 

p. 589, pl. 37, fig. 9. 

Discussion: This extremely lamellose example of Xan- 

thochorus cassidiformis from Lower Pleistocene deposits 

of northern Peru resembles specimens of Trophon gev- 

ersianus (Pallas, 1774). It is placed with Xanthochorus, 

however, because its pattern of primary and secondary 

spiral cords is similar to that of many specimens of Xan- 

thochorus, and because its tertiary spiral corrugations 

(Figure 52) have an identical texture to that seen on all 

specimens of Xanthochorus but not seen on specimens of 

T. geversianus. 

Material: OSU 37546, DV 217-5, latest Pliocene or early 

Pleistocene, L (47.5), W 35.9. 

Occurrence: Uppermost Pliocene or lowermost Pleisto- 

cene, northern Peru. Pleistocene to Recent, Ecuador to 

Chile. 

Genus Trophon Montfort, 1810 

Type species: Murex magellanicus Gmelin, 1791 (= 

Buccinum geversianum Pallas, 1774). 

Trophon macharei, sp. nov. 

Figures 54, 55 

Diagnosis: Shell fusiform, turriculate, suture well below 

periphery of preceding whorl; axial sculpture of 14 low 

lamellae; spiral sculpture of about 45 rounded cords. 

Description: Shell less than 40 mm long, fusiform, elon- 

gate; spire about 40 percent, siphonal canal about 20 per- 

cent of shell length. Protoconch unknown. Teleoconch 

with five whorls. Sutures impressed, attached well below 

periphery. Sutural platform tabulate, narrow; shoulder 
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nearly orthogonally angulate; periphery marked by slight 

swelling anterior to shoulder. Axial sculpture with 14 low, 

solid, evenly spaced lamellae on body whorl; axial ribs 

progressively fewer and less lamellose adapically. La- 

mellae flattened at suture; maximally developed at shoul- 

der; extended in diminishing strength to siphonal fasciole. 

Spiral sculpture of about 40 low, rounded, spiral cords 

between shoulder and siphonal fasciole, nearly all of 

equal strength; five additional spiral cords of comparable 

size on sutural platform; cords separated by v-shaped 

grooves. Aperture oval. Growth lines orthocline, outer lip 

and columella missing; siphonal canal open, straight, bent 

slightly to left but not dorsally. Siphonal fasciole weak, 

nearly parallel with siphonal canal; pseudumbilcus nar- 

row, mostly obscured by adherent inner lip. 

Discussion: With the outer lip and part of the columella 

missing, it cannot be determined with certainty that this 

specimen is more closely related to elongate modern aus- 

tral trophonines such as Trophon pelseneeri E. A. Smith, 

1915; Trophon ohlini Strebel, 1905; and Trophon pallidus 

(King & Broderip, 1832), than to species of Ocenebrinae. 

The lack of differentiated spiral cords, the absence of sca- 

brous texture, and axial lamellae that are flattened at the 

sutures, however, characterize both Trophon macharei 

and modern South American trophonines. 

Etymology: Named for José Macharé, Peruvian geologist 

who has worked closely with paleontologists to further 

our understanding of the tectonic history of the Pisco Ba- 

sin. 

Type locality: Roadcut along the Panamerican Highway 

on the north flank of the Yauca Valley (locality-sample 

DV 809-1), in a bioclastic sandstone below terrace de- 

posits (Figure 26). 

Material: UWBM 97620, DV 809-1, holotype, early Pli- 

ocene, L 37.9, W (18.0). 

Occurrence: Lower Pliocene, southern Peru. 

Subfamily MurRIcINAE Rafinesque, 1815 

Genus Phyllonotus Swainson, 1833 

Type species: Murex imperialis Swainson, 1833. 

Phyllonotus, sp. indet. 

Figures 56, 57 

Discussion: Too little of this specimen is preserved to 

warrant a species name, but the remnants of an inductura 

and a siphonal canal that (1) is covered by a broad shelf 

to the left, (2) is narrowly open to the far right, and (3) 

is strongly recurved distally, suggest assignment to Phyl- 

lonotus. The specimen probably had about seven strongly 

developed axial varices, all lacking spines. 

The tropical eastern Pacific Ocean is presently inhab- 

ited by three species of Phyllonotus (Radwin & d’ Attilio, 

1976), two of which range southward into northern Peru. 

Fossil specimens of the spinose Phyllonotus brassica (La- 

marck, 1822) occur in Pliocene beds of Ecuador (Pilsbry 

& Olsson, 1941; Olsson, 1964) and in uppermost Plio- 

cene and middle Pleistocene beds of the Mancora and 

Talara tablazos of northern Peru (DeVries, 1986), while 

specimens of the non-spinose P. globosus (Emmons, 

1858) were described from the Pliocene Esmeraldas beds 

of northwestern Ecuador (Vokes, 1988). This latest early 

Miocene fragment of Phyllonotus from the Ica Valley 

constitutes the southernmost and oldest occurrence of the 

genus in western South America. 

Material: UWBM 97624, DV 484-6, late early Miocene, 

L 50.6, W (32.0). 

Occurrence: Upper lower Miocene, southern Peru. 

DISCUSSION 

Toothed Muricids in Southern Peru 

Tooth-bearing and non-tooth-bearing muricids from 

southern Peru since the early Miocene are listed in Table 

1. Their numbers should be compared with Table 2 of 

Vermeij’s (2001) survey of toothed gastropods. For nearly 

all sub-epochs there have been fewer muricids in the Pis- 

co Basin than most regions globally, which has also been 

true for all mollusks (DeVries, 2002). Nevertheless, the 

numbers of toothed muricid species have been higher 

than numbers in most other regions, with their propor- 

tions consequently being among the highest worldwide. 

The proportions of toothed muricids in Peru were espe- 

cially high during the early, middle, and late Miocene, 

when numbers of toothed Peruvian muricid species were 

reduced but the numbers of non-toothed muricid species 

were even more reduced. 

Most of the toothed muricids belong to the genera 

Acanthina, Chorus, and Herminespina. Two or perhaps 

all three genera may form a single clade (DeVries & Ver- 

meij, 1997; Vermeij, 2001; DeVries, 2003). The three 

genera have been characterized by low rates of origina- 

tion with the exception of an early Pliocene radiation 

within Chorus. Without the Acanthina clade sensu Ver- 

metj (2001), proportions of toothed muricids in the south- 

east Pacific Ocean would be comparable to other regions 

of the world. Thus, the history of toothed taxa in the 

Peruvian Faunal Province is largely a history of the Acan- 

thina clade—its appearance in the late Oligocene in the 

guise of Acanthina katzi, its radiation during the middle 

Miocene, and its near demise at the end of the Pliocene. 

At the end of the Pliocene 80 percent of all mollusks 

disappeared or became extinct within the boundaries of the 

Peruvian Faunal Province (DeVries, 2001). Among early 

Pliocene toothed muricids in southern Peru, all species of 

Chorus became extinct and populations of a newly evolved 

species, the extant Chorus giganteus (Lesson, 1830), dis- 
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Table 1 

Temporal distribution of muricids with and without a labral tooth in southern Peru. 

Time Interval Muricids without a Labral Tooth Muricids with a Labral Tooth 

Crassilabrum crassilabrum 

Stramonita biserialis 

Stramonita chocolata 

Xanthochorus buxea* 

Xanthochorus cassidiformis* 

Pleistocene to Recent 

Late Pliocene 

Concholepas kieneri 

Crassilabrum crassilabrum 

Stramonita biserialis 

Stramonita chocolata/spp. nov. 

Xanthochorus buxea 

Xanthochorus cassidiformis 

Xanthochorus xuster° 

Concholepas kieneri 

Concholepas nodosa 

Eupleura urbinai 

Muregina carlosmartini 

Purpura boliviana 

Stramonita bisereialis 

Trophon macharei 

Xanthochorus eripepomus 

Xanthochorus ochuroma 

Concholepas kieneri 

Muregina carlosmartini 

Purpura boliviana 

Xanthochorus stephanicus 

Concholepas unguis 

Early Pliocene 

Late Miocene 

Middle Miocene 

Early Miocene Concholepas chirotensis 

Phyllonotus sp. indet. 

Concholepas camerata/C. nodosa” 

Acanthina unicornis 

Concholepas concholepas 

Acanthina unicornis/A. triangularis 

Chorus blainvillei 

Chorus doliaris 

Chorus grandis/C. giganteus 

Herminespina mirabilis 

Acanthina triangularis/A. obesa 

Chorus grandis 

Herminespina saskiae/H. philippi 

Acanthina obesa 

Acantina rugosa 

Chorus frassinettii 

Herminespina philippi 

Acanthina katzi 

Tactilispina vermeiji 

Acanthina katzi 

Carhuaspina comotrana 

* Contrary to the original description and assignment of Vermeij (2001). Xanthochorus cassidfiormis and X. buxeus are herein described 

as ‘untoothed.’ The labral tooth on fossil and modern specimens examined by the author are present sporadically, extend from different 

spiral cords on different specimens, and are weakly developed when present. 

> Pairs of ancestor-descendant species that span a time interval but have non-overlapping temporal ranges. 

° Bold-faced taxa have been described by the author. See text for citations. 

appeared from southern Peru and became restricted to cen- 

tral and southern Chile (DeVries, 1997a). The only late 

Pliocene species of Herminespina, H. mirabilis (Moricke, 

1896), became extinct (DeVries & Vermeij, 1997). Acan- 

thina underwent a transformation from A. triangularis 

DeVries, 2003, to A. unicornis (Bruguiére, 1789) and to a 

precursor of the modern southern Chilean-Argentinian spe- 

cies, A. monodon (Pallas, 1774) (DeVries, 2003). 

Beyond the Acanthina clade, two early Pliocene un- 

toothed rapanines, Concholepas kieneri Hupé, 1854 and- 

C. nodosa Moricke, 1896, became extinct during the late 

Pliocene, but not before one gave rise to a toothed spe- 

cies, C. camerata DeVries, 2000, which in turn quickly 

evolved into the modern toothed C. concholepas (Bru- 

guiere, 1789) (DeVries, 2000). 

Biogeography of Pisco Muricids 

The geographic origin of known fossil muricids and 

easily discovered modern muricids from southern Peru 

are listed in Table 2. Origins are inferred from the distri- 

bution of closely related taxa and, in the case of ‘endem- 

ic’ taxa, evidence of evolution within the southern mod- 

ern Peruvian Faunal Province and lack of evidence for 

occurrences outside the region. Excluded from consider- 

ation are many Thais species and other muricids, fossil 

and Recent, whose populations from northern Peru oc- 

cupy the southern portions of ranges that usually reach 

northward to Central America or Mexico. 

The preponderance of endemic Cenozoic muricid spe- 

cies is evident from Table 2. In addition to toothed oce- 

nebrines of the proposed Acanthina clade are the endemic 

lineages of Xanthochorus and Concholepas. Few taxa en- 

tered the region from north or south. The appearance of 

several Panamic species during the early Pliocene coin- 

cided with the arrival of Panamic species drawn from 

other molluscan groups and may reflect elevated temper- 

atures along the Peruvian coast at that time (DeVries, 

2001). 
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Table 2 

Geographic origin of muricid species in southern Peru ordered by late Cenozoic time intervals. “‘Endemic’”’ signifies an 

origin and distribution restricted for the most part to Peru and Chile. 

Time Interval Species Geographic Origin 

Pleistocene to Recent Acanthina unicornis Endemic 

Concholepas concholepas Endemic?* 

Crassilabrum crassilabrum Endemic? 

Stramonita biserialis Panamic 

Stramonita chocolata Endemic 

Xanthochorus buxea Endemic 

Xanthochorus cassidiformis Endemic 

Late Pliocene Acanthina/unicornis/A. triangularis Endemic 

Chorus blainvillei Endemic 

Chorus doliaris Endemic 

Chorus grandis/C. giganteus Endemic 

Concholepas camerata/C. nodosa Endemic 

Concholepas kieneri Endemic 

Crassilabrum crassilabrum Endemic? 

Herminespina mirabilis Endemic 

Stramonita biserialis Panamic 

Stramonita chocolata/S. spp. nov. Endemic 

Xanthochorus buxea Endemic 

Xanthochorus cassidiformis Endemic 

Xanthochorus xuster Endemic 

Early Pliocene Acanthina triangularis/A. obesa Endemic 

Chorus grandis Endemic 

Concholepas kieneri Endemic 

Concholepas nodosa Endemic 

Eupleura urbinai Panamic 

Herminepina saskiae/H. philippi Endemic 

Muregina carlosmartini Panamic? 

Purpura boliviana Panamic 

Stramonita biserialis Panamic 

Trophon macharei Magellanic 

Xanthochorus eripepomus Endemic 

Xanthochorus ochuroma Endemic 

Late Miocene Acanthina obesa Endemic 
Acantina rugosa Endemic 

Chorus frassinettii Endemic” 

Concholepas kieneri Endemic 

Herminespina philippi Endemic” 

Muregina carlosmartini Panamic? 

Purpura boliviana Panamic 

Xanthochorus stephanicus Magellanic 

Middle Miocene Acanthina katzi Endemic 

Concholepas unguis Endemic 

Tactilispina vermeiji Panamic? 

Early Miocene Acanthina katzi Endemic 

Carhuaspina comotrana Endemic? 

Concholepas chirotensis B 

Phyllonotus sp. indet. Panamic 

4 Bold-faced origins represent first appearances; the designation continues through subsequent subepochs. 

> First appearances of these taxa may represent radiative events from an Acanthina ancestor. 

The high degree of endemism among southern Peru- equatorward. What is surprising is the lack of congruence 

vian muricids and generally small number of Panamic between Peruvian and Chilean muricid faunas during the 

immigrants might be expected for a cool-water fauna Miocene, especially considering the great faunal similar- 

partly isolated from nearby tropical waters by both coast- ity during the Pliocene and Quaternary (DeVries, 2001). 

al upwelling and an eastern boundary current flowing From old and new molluscan compendia (Hupé, 1854; 
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Philippi, 1887; Watters & Fleming, 1972; Tavera, 1979; 

DeVries & Frassinetti, 2003; Nielsen, 2003) there emerg- 

es only one early and middle Miocene muricid from Chile 

that also occurs in Peru: Acanthina katzi. The Miocene 

muricid fauna of central Chile, which includes the genera 

Nucella R6ding, 1798; Bedeva Iredale, 1936; Xymene Ire- 

dale, 1915; Xymenella Finlay, 1927; as well as five new 

endemic genera and several species of Trophon, reveals 

strong austral roots (Nielsen, 2003) but bears almost no 

resemblance to the southern Peruvian fauna preserved 

1500 km to the north. DeVries & Frassinetti (2003) sug- 

gested that the early and middle Miocene Chilean faunas 

evolved in warm waters and were separated by an ocean- 

ographic barrier from a fauna evolving in cooler waters 

upwelled along the southern Peruvian coast. Not until 

Chilean waters cooled during the late Miocene, they ar- 

gued, did the barrier disintegrate and faunas between 13°S 

and 33°S intermingle. 

CONCLUSIONS 

With this paper, a treatment of the systematics and bio- 

geography of Neogene muricids from southern Peru is 

nearly complete, lacking only a detailed analysis of the 

Pliocene evolution of Stramonita, Purpura, and the de- 

scription of possible Miocene and Pliocene ocenebrines 

with subequal axial and spiral sculpture. Notable features 

of the Cenozoic Peruvian muricid fauna—low diversity, 

high endemism, numerous members of the toothed Acan- 

thina clade, susceptibility to extinction at the end of the 

Pliocene—are ready for further analysis. Questions can 

be raised about the adaptive pressures responsible for the 

pace and manner of evolution within the well documented 

lineages of Acanthina, Chorus, Concholepas, Hermines- 

pina, and Xanthochorus. The species that gave rise to 

Acanthina (Oligocene), Concholepas (early Miocene), 

and Xanthochorus (middle Miocene) remain to be dis- 

covered. Indisputable morphologically intermediate spec- 

imens uniting Acanthina with the genera Chorus, Her- 

minespina, and Carhuaspina have yet to be found. Fi- 

nally, the changing ecological role of intertidal and shal- 

low subtidal muricid predators in southern Peru 

throughout the Cenozoic and the impact of these muricids 

on the diversity and species composition of the entire 

invertebrate fauna has yet be addressed. 
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APPENDIX 

Localities Cited 

DV 112 Terrace VI, Cerro El Huevo, overlooking 

Bahia San Juan, southern Peru. See DeVries 

(1986) for detailed map of terraces. Lower 

to middle Pleistocene. 

Terrace near Hornitos, northern Chile, 60 

km north of Antofagasta, Chile. Pliocene. 

Surface of Mancora Tablazo, north side of 

Quebrada Honda, roadcut, 16 km northeast 

of Talara, 1163 km of Panamerican Highway 

(North) (circa 1980). Upper Pliocene to 

Lower Pleistocene. 

DV 211-21 Punta Lobitos, northern Peru, beach. Recent. 

Paita, Peru, cliff of sedimentary rocks over- 

looking eastern end of port terminus, 4.3— 

4.5 m in section. See DeVries (1986) for 

more details. Upper Pliocene. 

5 km south of El Alto, northern Peru, south- 

ernmost branch of Quebrada Taime, dissect- 

ed hills above cliff face; continuous thin 

shelly sandstone bed in siltstone; Golf 

Course member, Taime formation. Upper 

Pliocene. 

Sud-Sacaco, western end of ridge extending 

from Panamerican Highway; level 1 of 4 

Nov—83 loc. 3, base of slope. 15°34'43’S, 

74°43'17"W (Yauca 1:00,000 quadrangle). 

Pisco formation. Lower Pliocene. 

Sud-Sacaco: northeastern end of depression 

near Panamerican Highway. 15°34'17"S, 

DV 191 

DV 202 

DV 244-2 

DV 360-1 

DV 361-5 
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DV 361-10 

DV 362-1 

DV 396-14 

DV 399-1 

DV 465a-1 

DV 468-1 

DV 484-6 

DV 769-1 

DV 809-1 

DV 810-1 

74°43'26”"W (Yauca 1:100,000 quadrangle). 

Pisco formation. Lower Pliocene. 

Sud-Sacaco, northeastern edge of depression 

near Panamerican Highway. 15°34'17’S, 

74°43'26"W (Yauca 1:100,000 quadrangle). 

Pisco formation. Lower Pliocene. 

Sud-Sacaco, south end on southeastern face 

of depression near the Panamerican High- 

way. Indurated shell beds. (Yauca 1:100,000 

quadrangle). Lower Pliocene. 

Lomas Chilcatay, massive yellow sandstone 

in midst of white diatomaceous silty sand- 

stones, 28 m in section. 14°11'42”S, 

76°06'57"W (Punta Grande quadrangle, 1: 

100,000). Chilcatay formation. Lower Mio- 

cene. 

Playa La Raya, Laguna Grande, shallow wa- 

ter on eastern side of lagoon. (Punta Grande 

1:100,000 quadrangle). Recent. 

San Juan de Marcona—San Nicholas bridge, 

roadcut in terrace (San Juan 1:100,000 quad- 

rangle). Upper Pleistocene. 

Playa Yanyarina, about 22 km southeast of 

San Juan de Marcona. 15°27'S, 74°59'W 

(Acari 1:100,000 quadrangle). Recent. 

Second rock bed below Yesera de Amara. 

14°35'38"S, 75°40'10"W (Lomitas: 100,000 

quadrangle). ‘Chilcatay/Pisco formation. 

Lower to middle Miocene. 

Promontory of Cenozoic sedimentary rock 

on eastern side of abandoned San Juan—Lo- 

mas road. Ridge capped with Pleistocene 

terrace coquina. (San Juan 1:100,000 quad- 

rangle). Middle Pleistocene. 

Yauca, roadcut on western side of Panamer- 

ican Highway as it descends to valley floor. 

15°39'49"S, 74°31'50"W (Yauca 1:100,000 

quadrangle). Pisco formation. Lower Plio- 

cene. 

Above Quebrada Champeque, 15 km north- 

west of Chala, marine terrace deposit at 200 

m. (Chala 1:100,000 quadrangle). Upper Pli- 

ocene. 

DV 923-1 

DV 

DV 

DV 

DV 

DV 

DV 

DV 

DV 

DV 

1029-1 

1031-1 

1180-1 

1230-1 

1254-8 

1307-1 

1372-1 

1418-1 
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About 0.5 km southeast of Monte Redondo, 

eastern side of Rio Acari, ridge inside 

shallow, small depression. 15°36'40"S, 

74°38'02"W GPS (Yauca 1:100,000 quad- 

rangle). Pisco formation. Lower Pliocene. 

Eastern side of Quebrada Gramonal, hillside 

above point where road to coast crosses 

from western to eastern side of quebrada; 

44.6 m in section. 14°44'19"S, 75°31'02”W 

GPS (Lomitas 1:100,000 quadrangle). Pisco 

formation. Middle Miocene. 

Depression in plain above Playa de Yauca, 

west of Panamerican Highway, three beds of 

shells on flank of small pointed hill. 

15°39'29"S, 74°35'08”"W GPS (Chala 1: 

100,000 quadrangle). Pisco formation. Low- 

er Pliocene. 

Morro Abra de los Chaparrinos, half way up 

section. 15°48'41”S, 74°21'18”W GPS (Cha- 

la 1:100,000 quadrangle). Upper Pliocene. 

Second rock layer from valley floor, foot of 

Yesera de Amara. 14°35’41”S, 75°40'14”W 
GPS (Lomitas 1:100,000 quadrangle). Chil- 

catay/Pisco formation. Lower to middle 

Miocene. 

Fourth white shell bank from base of outcrop, 

flanking basement knoll, east side Quebrada 

Riacheulo. 14°40'45”S, 75°29'20"W GPS 

(Palpa 1:100,000 quadrangle). Pisco forma- 

tion. Lower upper Miocene. 

Morro Abra de los Chaparrinos. 15°53'25”S, 

74°09'52"W GPS (Chala 1:100,000 quadran- 

gle). Upper Pliocene. 

Bluff east of the mouth of Quebrada Gra- 

monal, overlooking road to Fundo Santa 

Rosa. 14°45'48”S, 75°30'23"”W GPS (Lomi- 

tas 1:100,000 quadrangle). Pisco formation. 

Middle Miocene. 

Rocky beach on northwestern side of Punta 

Lomas (Acarf 1:100,000 quadrangle). Re- 

cent. 

Eastern side Acari Depression. 15°34'50"S, 
74°36'59°°W GPS (Yauca 1:100,000 quad- 

rangle). Pisco formation. Upper Pliocene. 
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Systematic Revision of the Genus Eupleura H. and A. Adams, 1853 

(Gastropoda: Muricidae) in the Neogene to Recent of Tropical America 

GREGORY S. HERBERT! 

Department of Geology and Center for Population Biology, University of California, Davis, California 95616, USA 

Abstract. The systematics of the Neogene to Recent genus Eupleura of tropical America are revised, with descriptions 

of four new species: Eupleura engerrabunda, from the Late Miocene of Mexico (Atlantic); Eupleura gravidentata, from 

the Plio-Pleistocene of Colombia (Atlantic); Eupleura paroudia, from the Early or middle Pliocene of Mexico (Atlantic); 

and Eupleura vokesorum, from the Pliocene of Costa Rica (Pacific) and Ecuador and the Recent tropical eastern Pacific. 

Two recent taxa, Eupleura plicata and Eupleura limata, are also resurrected, increasing the standing diversity of Eupleura 

in the eastern Pacific to seven species. Eupleura limata, however, may have become extinct over part or all of its 

geographic range in historical times with the encroachment of fully marine conditions into its formerly deltaic habitat 

in the northern Gulf of California. 

The southern Caribbean is the site of many important events in the evolutionary history of Eupleura. The genus first 

appears in the Early Miocene fossil record of the southern Caribbean. Additionally, nearly half of the living tropical 

eastern Pacific species originated in the Caribbean in the Miocene and Pliocene before invading the eastern Pacific 

through the Central American Seaway. Following closure of the seaway in the Pliocene, however, the genus became 

extinct in the tropical western Atlantic and is survived today only by species in the tropical eastern Pacific, eastern Gulf 

of Mexico, and Atlantic coast of North America. Origination of Eupleura in tropical America since the Pliocene has 

occurred only in intertidal habitats of the Gulf of California. 

INTRODUCTION 

The remarkable preservation and diversity of the late 

Neogene molluscan faunas of tropical America and their 

occurrence during a time punctuated by glacial cooling, 

high amplitude sea-level fluctuations, and a decline in 

planktonic productivity make their study particularly rel- 

evant to understanding the long-term biological impacts 

of local- and global-scale environmental change (e.g., 

Stanley, 1986; Vermeij & Petuch, 1986; Allmon et al., 

1996a; Jackson & Johnson, 2000; Todd et al., 2002). The 

systematics of Neogene marine mollusks from tropical 

America, however, have not been revised for most groups 

since the faunas were first described (e.g., Woodring, 

1928, 1959; Olsson, 1964; Jung, 1965, 1969; and many 

others). Since this time, intensive sampling efforts have 

added hundreds of new fossil localities throughout the 

region, and the material collected will undoubtedly ex- 

tend the ranges of many species and reveal many others 

previously unknown to science. Thus, without additional 

work by specialists, the existing primary literature will 

remain inadequate for addressing many important aspects 

of the late Neogene faunal turnover, such as the ecolog- 

ical patterns of species extinctions at the end of the Pli- 

ocene and the phylogenetic relationships of species across 

' Present address: Department of Geology, University of South 

Florida, Tampa, Florida 33620, USA; gherbert @cas.usf.edu. 

the turnover boundary (Allmon et al., 1996b; Jackson et 

al., 1999; Todd et al., 2002). 

The gastropod family Muricidae possesses tremendous 

taxonomic diversity in tropical America, and its members 

inhabit a wide range of marine environments and exhibit 

a diversity of morphological forms and life histories. 

Such components make them ideal for addressing the en- 

vironmental, ecological, and morphological controls un- 

derlying long-term evolutionary success. E. H. Vokes re- 

vised most of the western Atlantic muricid genera pre- 

viously in a series of monographs (e.g., Vokes, 1989c, 

1990, 1992, 1994, 1996; Vermeij & Vokes, 1997), but 

some of the most species-rich muricid genera in the west- 

ern Atlantic, including the ocenebrine genus Eupleura H. 

& A. Adams, 1853, have thus far received little treatment. 

Currently, there is no consensus statement in the literature 

of the stratigraphic and geographic ranges of the genus 

Eupleura, the standing diversity of living Eupleura spe- 

cies in the New World, or the timing and patterns of turn- 

over within Eupleura in the Late Neogene. 

The present study is a systematic revision of the fossil 

and living members of the genus Eupleura from tropical 

America. Companion studies, which will be published 

elsewhere, will review the systematics of the remaining 

members of the genus Eupleura from the subtropical and 

temperate western Atlantic and investigate the phylogeny 

of the entire genus using cladistic methods. Preliminary 

cladistic results (Herbert, submitted) indicate that the sub- 
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tropical to temperate western Atlantic species of Eupleura 

are morphologically distinct from the Eupleura of tropical 

America and most likely comprise a monophyletic Plio- 

cene offshoot from a tropical western Atlantic ancestor. 

In addition to illustrating type specimens and selecting 

lectotypes, this study presents new data, including radu- 

lae, opercula, shell microstructure, and variability in the 

morphology of Recent and fossil shells. Most of the fos- 

sils examined for this study come from relatively new or 

unstudied collections, particularly those of the Naturhis- 

torisches Museum Basel and the University of California 

Museum of Paleontology at Berkeley. 

PREVIOUS WORK 

Forty species- and subspecies-level taxa have been re- 

ferred to the genus Eupleura, of which 11 have been re- 

assigned to other genera. These eleven include several 

taxa from the Paleogene and early Neogene of Europe 

(i.e., Ranella alata Millet, 1854, Eupleura boutillieri 

Cossmann, 1889 [Lozouet et al., 1994]; Eupleura ogor- 

mani Cossmann, 1923 [Merle, 1989]; Eupleura suban- 

ceps Cossmann & Peyrot, 1923 [Vokes, 1975]), the Re- 

cent of the Indo-Pacific (Ranella pulchra Gray in Sow- 

erby, 1836 [Jay, 1839]), the Recent of the eastern Pacific 

(Eupleura grippi Dall, 1911 [Radwin & D’ Attilio, 1976; 

Myers & D’ Attilio, 1981]) and the Paleogene to the Re- 

cent of the Americas (Murex morulus Conrad, 1860 [Vo- 

kes, 1970]; Murex perangulatus Nomland, 1916 [Hall, 

1959]; Ranella poppelacki Hornes, 1853 [Petuch, 1987]; 

Murex sexangula Dall, 1915 [Vokes, 1985]; Eupleura 

stimpsoni Dall, 1889 [Vokes, 1970]). Three additional 

taxa—Eupleura caudata var. crowfooti (Wood, 1879), 

from the Pliocene of Great Britain, Eupleura harbisoni 

Richards, 1943, from the latest Oligocene/earliest Mio- 

cene of North Carolina, and Eupleura pterina Gardner, 

1947, from the middle Miocene of northwestern Flori- 

da—should be assigned elsewhere (Herbert, in prepara- 

tion) but have not yet been revised. 

The remaining 26 described species and subspecies are 

correctly assigned to the genus Eupleura, although the 

actual number of distinct species is problematic. All are 

restricted to the Neogene of the Americas. Eupleura ku- 

gleri Jung, 1965, which was described from the Early 

Miocene Cantaure Formation of Venezuela, is the earliest 

of these species. Several taxa followed in tropical Amer- 

ica, including Eupleura thompsoni Woodring, 1959, and 

Eupleura prenitida Vokes, 1989, from the Late Miocene 

Gatun Formation of Panama; Eupleura olssoni Vokes, 

1989, from the Late Miocene Angostura Formation of 

Ecudaor; and Eupleura lehneri Jung, 1969, from the Ear- 

ly Pliocene Melajo Clay of Trinidad. There are no Middle 

Miocene species recorded in the literature. 

The taxonomic status of two Late Pleistocene taxa de- 

scribed from deposits near San Diego, Eupleura murici- 

formis var. curta Arnold, 1903, and Eupleura muricifor- 
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mis var. pleistocenensis Arnold, 1903, has not been crit- 

ically evaluated, and it remains unclear whether these 

should be left as subspecies, elevated to full species sta- 

tus, or synonymized with existing species. 

Seven taxa have been described from the Recent fauna 

of the tropical eastern Pacific: Eupleura muriciformis 

(Broderip, 1833), Eupleura nitida (Broderip, 1833), Eu- 

pleura pectinata (Hinds, 1844), Eupleura plicata (Reeve, 

1844), Eupleura triquetra (Reeve, 1844), Eupleura mur- 

iciformis var. limata Dall, 1890, and Eupleura muricifor- 

mis var. unispinosa Dall, 1890. Of these, most workers 

accept only E. muriciformis, E. nitida, E. pectinata, and 

E. triquetra as distinct species and consider the remaining 

three taxa as synonyms of E. muriciformis (e.g., Hertlein 

& Strong, 1955; Keen, 1971; Abbott, 1974; Radwin & 

D’ Attilio, 1976; Vokes, 1984). 

There are no species of Eupleura in the tropical west- 

ern Atlantic today, although the genus persists in the sub- 

tropical to temperate western Atlantic with three or four 

species (Herbert, unpublished). 

MATERIALS AND METHODS 

All specimens referrable to Eupleura in the type, system- 

atic, and stratigraphic collections of the Academy of Nat- 

ural Sciences of Philadelphia (ANSP); the California 

Academy of Sciences in San Francisco (CAS); the Nat- 

ural History Museum of Los Angeles County—Malacol- 

ogy (LACM); the Natural History Museum of Los An- 

geles County—Invertebrate Paleontology (LACMIP); the 

Naturhistorisches Museum Basel, Switzerland (NMB); 

the Panama Paleontology Project (PPP) at the Naturhis- 

torisches Museum Basel, Switzerland; Tulane University, 

New Orleans, Louisiana (TU); the University of Califor- 

nia Museum of Paleontology at Berkeley (UCMP); the 

Florida Museum of Natural History at Gainesville—In- 

vertebrate Paleontology and Malacology (UF); and the 

United States National Museum of Natural History—Pa- 

leobiology and Invertebrate Zoology (USNM) were ex- 

amined for this study. Much of this material was unca- 

talogued, unsorted, misidentified, and/or had not yet been 

collected at the time of previous studies of the genus Eu- 

pleura and, thus, almost certainly was not examined by 

previous workers. Additional material, including type 

specimens, was borrowed from the Natural History Mu- 

seum in London (BMNH), the University Museum of Zo- 

ology, Cambridge (UMCZ), the Santa Barbara Museum 

of Natural History (SBMNH), and the San Diego Natural 

History Museum (SDNMB). The USGS acronym used 

herein refers to U.S. Geological Survey localities and cor- 

responds to fossil specimens housed in the USNM. 

Locality, stratigraphic, and habitat data were recorded 

from these collections. Because several thousand lots 

were examined in all, it is impossible to list detailed lo- 

cality information for each lot. Instead, these data are 

provided only for figured specimens, which include ma- 
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terial representing significant geographic and stratigraphic 

range extensions presented in this paper. 

Radulae were recovered from alcohol-preserved and 

dried specimens (up to ten per species, when available) 

by dissolving tissue in a concentrated solution of potas- 

sium hydroxide for 24 hr. Radulae were rinsed in a series 

of hot distilled water washes, and stored in ethanol until 

prepared for study. Radulae, opercula, shell microstruc- 

ture samples, and protoconchs were fixed to aluminum 

tabs, coated with gold (40 nm thickness), and examined 

with a scanning electron microscope at the Coordinated 

Instrumentation Facility at Tulane University, New Or- 

leans, Louisiana and the Facility for Advanced Instru- 

mentation at the University of California, Davis. 

Stratigraphic correlations for formations and other de- 

positional units follow those used by Jung (1989) and 

Cotton (1999) or are listed in the discussion section under 

each species. I follow the Cenozoic chronostratigraphy of 

Berggren et al. (1995). 

Species are treated in alphabetical order below. 

SYSTEMATIC DESCRIPTION 

Class GASTROPODA Cuvier, 1797 

Order NEOGASTROPODA Wenz, 1938 

Superfamily MuRICOIDEA da Costa, 1776 

Family MuriciDAE Rafinesque, 1815 

Subfamily OCENEBRINAE Cossmann, 1903 

Genus Eupleura H. and A. Adams, 1853 

Type species: Ranella caudata Say, 1822, by subsequent 

designation, E C. Baker, 1895. 

Description: Shells small to moderately large (20—60 

mm). Outline fusiform to globose, with whorls cylindrical 

or dorso-ventrally flattened. Periphery of body whorl an- 

gulate to convex. Protoconch of 1.5—2.5 whorls, smooth, 

rounded with abrupt, but avaricate, transition into orna- 

mented, juvenile stage. Six to nine teleoconch whorls in 

adults, bearing eight to fourteen axial lamellae on scalar- 

iform, early teleoconch whorls. Axial elements between 

varices becoming increasingly rib-like to nodulose by 

penultimate teleoconch whorl. Beginning on fifth or sixth 

whorl, axial elements forming varices at every fourth to 

sixth axial and intervarical nodes or ribs in between; var- 

ices offset from one another by 180—200°. Varices num- 

bering from two to eight over entire shell. Between six 

and twelve spiral cords on body whorls with occasional 

secondaries and tertiaries intercalated between primaries. 

Aperture narrow to broadly ovate with six denticles on 

adaxial side of outer lip; columella smooth or covered 

with irregular rugae. Shallow anal sulcus demarcated by 

knob or cord at posterior end of columellar wall. Parietal 

callus narrow, adherent. Siphonal canal narrowly open 

and gently recurved. Shell color brown, reddish-orange, 
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purplish-grey, or pure white, with or without broad, sim- 

ple banding patterns. Shell surface texture smooth, cris- 

pate, or scabrous. Presence of intricalx variable. Aperture 

coloration white, ochre, or deep violet. 

Discussion: The genus Eupleura was originally described 

as a subgenus of the cassid genus Bursa Réding, 1798 

due to the fact that both groups form two varices per 

single revolution of the shell. Comparative studies of gas- 

tropod radulae (Stimpson, 1863), soft anatomy (Carriker, 

1981), and egg capsule morphology (D’Asaro, 1991), 

however, indicate that these shell similarities are the re- 

sult of convergent evolution, and that Eupleura is more 

closely related to members of the neogastropod family 

Muricidae. 

Within the Muricidae, the morphologies of the radulae, 

opercula, soft anatomy, egg capsules, and shell micro- 

structure of Eupleura species are most consistent with the 

defining characteristics of the subfamily Ocenebrinae 

(Vokes, 1964, 1971; Radwin & D’ Attilio, 1976; D’ Asaro, 

1991; Kool, 1993a, b; Vermeij & Vokes, 1997; Carriker 

& Gruber, 1999). These include a three-dimensional rad- 

ula (Vokes, 1971; Radwin & D’ Attilio, 1976), an outer- 

most shell layer composed of calcite (Figures 1—6), a D- 

shaped operculum having a lateral nucleus (Figures 7— 

11), separate openings for the accessory boring organ and 

ventral pedal gland (Carriker, 1981; Carriker & Gruber, 

1999), and flask-like egg capsules with sutures in the am- 

pulliform position (Perry & Schwengel, 1955; Mac- 

Kenzie, 1961; Radwin & Chamberlin, 1973; D’Asaro, 

1986, 1991; Herbert, 2002). 

Phylogenetic relationships between Eupleura and other 

ocenebrine genera are poorly understood. Vermeij & Vo- 

kes (1997) divided the Ocenebrinae into two main groups 

based upon whether the shell’s siphonal canal is sealed 

or open. These authors assigned Eupleura to the open 

canal ocenebrines, which also include Crassilabrum Jous- 

seaume, 1880; Forreria Jousseaume, 1880; and Urosal- 

pinx Stimpson, 1865; among others. Radular types, shell 

microstructure, protoconchs, early post-larval sculpture, 

and other features of the adult shells in this group, how- 

ever, are heterogeneous (Herbert, unpublished data), and 

this group is very likely polyphyletic. Although Eupleura 

lacks the sealed canal condition, its species tend to have 

narrowly open canals that are closer to the sealed canal 

than the open canal condition. Other characters, including 

the presence of a thin rather than a thick outer layer of 

calcite and expanded lamellose varices, are also consis- 

tent with a closer phylogenetic relationship of Eupleura 

to the sealed canal ocenebrines, which include Ocenebra 

Leach in Gray, 1847; Ocinebrina Jousseaume, 1880; and 

Ocinebrellus Jousseaume, 1880. 

Eupleura engerrabunda Herbert, sp. nov. 

(Figure 12) 

Diagnosis: As for Eupleura kugleri, but with narrower 

aperture, heavier denticles, knob-like rather than cord-like 
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Figures 1-6. Scanning electron micrographs of fracture surfaces of shell microstructures of Eupleura species (all specimens are in the 

collection of the author). Surfaces shown are fractured parallel to growing edge with outermost portion of the shell at the top of the 

photos. Figure 1. Eupleura nitida (Broderip, 1833) (Scale bar = 100 pm). Figure 2. Eupleura triquetra (Reeve, 1844) (Scale bar = 1 

mm). Figure 3. Eupleura vokesorum sp. nov. (Scale bar = 100 ym). Figure 4. Amorphous outer calcite layer of Eupleura vokesorum 

sp. nov. (Scale bar = 10 pm). Figure 5. Innermost layer of crossed-lamellar aragonite of Eupleura vokesorum sp. nov. (Scale bar = 10 

uum). Figure 6. Middle layer of crossed-lamellar aragonite of Eupleura vokesorum sp. nov. (Scale bar = 10 pm). 
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Figures 7-11. Scanning electron micrographs of opercula of Eupleura species (all specimens are in the collection of the author). 

Figure 7. Eupleura triquetra (Reeve, 1844). Figure 8. Eupleura pectinata (Hinds, 1844). Figure 9. Eupleura nitida (Broderip, 1833). 

Figure 10. Eupleura vokesorum sp. nov. Figure 11. Eupleura muriciformis (Broderip, 1833) (Scale bar = 1 mm). 

parietal node, longer siphonal canal, stronger axial ribs, 

less-sloped sub-sutural ramp, and periphery formed by 

second rather than third cord anterior to suture. 

Description: Shell small for genus, outline fusiform with 

dorso-ventrally flattened body whorls. Maximum shell 

height 21.5 mm. Teleoconch with at least seven whorls; 

protoconch unknown. Early teleoconch whorls tabulate 

with axial lamellae becoming sloped with axial ribs on 

later whorls. Later teleoconch whorls having eight strong 

cords; one cord above shoulder, seven on body; four to 

five closely spaced and less prominent cords on anterior 

canal. Shell surface reticulate. Shoulder cord at varix not 

adapically upturned but longer than other cords at varix. 

Periphery formed by second cord anterior to suture on 

late teleoconch whorls. Axial ornamentation on early 

whorls consisting of ten or eleven lamellae becoming two 

varices with four intervarical ribs between each pair of 

varices by penultimate whorl. Intervarical ribs prominent, 

elongate on last whorl, beginning at shoulder and fading 

gradually into body whorl. Four varices present on shell; 

two varices on penultimate whorl and two varices on final 

whorl. Varices aligned, not offset. Varices moderately 

thickened, and not greatly expanded; outer margin of var- 

ices continuous. Aperture ovate, small, and heavily den- 

Figures 12-17. Eupleura species. Figure 12. Eupleura engerrabunda Herbert, sp. nov. UCMP 198993 (Holotype); 

locality: Rio Chacamax, about 5 km E of Palenque, Chiapas, Mexico; Late Miocene, Type Zuluzum (= UCMP S- 

245); height 21.5 mm, diameter 13.2 mm. Figure 13. Eupleura gravidentata Herbert, sp. nov. UCMP 198997 

(Holotype); locality: Arroyo Dorrera, upstream, northwest of Usiacuri, Atlantico, Colombia; Pliocene, Lower Tubara 

Group (= UCMP S-7374); height 26.0 mm, diameter 17.9 mm. Figures 14—17. Eupleura kugleri Jung, 1965. Figure 

14. USNM 519545; locality: Cantaure, Paraguana Peninsula, Falcon, Venezuela; Early Miocene, Cantaure Formation 

(= USGS loc. 25271); height 21.6 mm, diameter 13.8 mm. Figure 15. USNM 519548; locality: Same locality as 

Figure 14; scanning electron micrograph of protoconch and early teleoconch whorls (scale bar = 200 ym). Figure 

16. USNM 519546; locality: Same locality as Figure 14; height 16.9 mm, diameter 10.8 mm. Figure 17. USNM 

519547; locality: Same locality as Figure 14; height 16.0 mm, diameter 11.3 mm. 
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ticled; six or seven strong denticles on outer lip, and one 

denticle at posterior portion of columellar wall. Siphonal 

canal of moderate length, straight, and narrowly open. 

Holotype: UCMP 198993, height 21.5 mm, diameter 

13.2 mm. 

Type locality: “Type Zuluzum.” Miocene deposits, 

Chiapas, Mexico, on Rio Chacamax, about five km east 

of Palenque (UCMP loc. S-245). 

Occurrence: Early Late Miocene, “‘type Zuluzum,” 

Chiapas, Mexico. 

Etymology: A combination of ““Engerrand”’ (the name of 

the paleontologist who first published on the “*Zuluzum” 

fauna [Engerrand and Urbina, 1910]) and errabunda (L.), 

wandering (in reference to an early, but temporary, geo- 

graphic expansion of the genus Eupleura from the north- 

ern coast of South America into the Yucatan region). 

Discussion: Eupleura engerrabunda, sp. nov. is superfi- 

cially similar to the Early Miocene species Eupleura ku- 

gleri but differs in having a narrower aperture with heavi- 

er denticles, a knob-like rather than a cord-like parietal 

node, a longer siphonal canal, stronger axial ribs, a less- 

sloped subsutural ramp, and a periphery formed by the 

second rather than the third cord anterior to the suture. 

Eupleura engerrabunda was discovered in the UCMP 

collections in material collected from the type locality of 

the “Zuluzum” fauna of southern Mexico. The original 

collection of Zuluzum fossils described by Engerrand & 

Urbina (1910) is apparently lost (M. Perrilliat, 1999, per- 

sonal communication), and the UCMP collections may 

represent the only material available for study. In the Tu- 

lane University locality ledger, there is mention of one 

other collection site, TU 1201, which may refer to the 

“Type Zuluzum”’ locality. I was not able to find this ma- 

terial, however, during a recent visit to the Florida Mu- 

seum of Natural History in Gainesville, where the Tulane 

collection currently resides. 

In their original paper, Engerrand & Urbina (1910) sug- 

gested the Zuluzum fauna was Early Miocene in age, but 

subsequent workers preferred a Middle Miocene (Woodr- 

ing, 1928; Perrilliat, 1963, 1974) or even ‘‘(?) Late’? Mio- 

cene age (Jung, 1989) based on faunal evidence. Stron- 

tium isotopic analyses of fossil gastropod shells from the 

UCMP collections using the standard strontium isotopic 

seawater curve of Hodell & Woodruff (1994) give a con- 

servative early Late Miocene age (10.2 to 9.4 Ma) esti- 

mate (Herbert & De La Rocha, unpublished data). 

The type locality for this new species is one of the 

earliest documented expansions of the genus beyond the 

northern coast of South America. The absence of Eupleu- 

ra species resembling Eupleura engerrabunda in younger 

deposits of eastern Mexico suggests that this initial ex- 

pansion was ultimately unsuccessful. 
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Eupleura gravidentata Herbert, sp. nov. 

(Figure 13) 

Diagnosis: As for Eupleura leonensis Mansfield. 1930. 

but with more sloped body whorl, three rather than five 

intervarical axial elements, node-like rather than rib-like 

intervarical axial elements, and periphery formed by third 

rather than second cord anterior to suture on late teleo- 

conch whorls. 

Description: Shell of moderate size for genus, 26 mm in 

maximum shell height, fusiform in shape. Spire high, 

with about seven whorls. Protoconch missing. Axial el- 

ements lamellose on early whorls, about 11 in number. 

Axial elements becoming more node-like on later whorls 

and reduced to eight in number. On penultimate whorl. 

two low, blade-like varices forming at every fourth axial: 

on final whorl, varices thickened and expanded. Non-var- 

ical axial elements forming sub-obsolete intervarical 

nodes. Four varices total on shell. Shoulder of early 

whorls well-formed, becoming weak on _ penultimate 

whorl; shoulder on last whorl strongly sloped, with pe- 

riphery formed by third cord anterior to suture. First three 

spire whorls high with three strong cords. Later whorls 

lower with weaker cords. Eight spiral cords on last whorl: 

uppermost three cords evenly and widely spaced: lower 

cords crowded. Cords weakening towards anterior canal. 

Canal incomplete. Aperture small, with six heavy aper- 

tural denticles on inside of outer lip, numerous fine rugae 

on columella, one large denticle on posterior portion of 

columella, and two low, closely spaced denticles situated 

on flattened, posterior portion of aperture. 

Holotype: UCMP 198997, height 26.0 mm (incomplete), 

diameter 17.9 mm. 

Type locality: “Arroyo Dorrera, upstream, northwest of 

Usiacuri, Atlantico, Colombia,” Lower Tubara Group 

(UCMP S-7374). 

Occurrence: Pliocene or earliest Pleistocene. Lower Tu- 

bara Group, Colombia. 

Etymology: graviter (L.), heavily + dentata (L.), toothed 

(in reference to the numerous, large teeth surrounding the 

aperture). 

Discussion: This species is superficially similar to Eu- 

pleura leonensis from the Pliocene of Florida in having 

a large shell with a high, narrow spire, thickened and 

expanded varices, and a heavily denticulated aperture. 

Eupleura gravidentata, sp. nov. differs, however, in hav- 

ing three rather than five intervarical axial elements, 

node-like rather than rib-like intervarical axial elements, 

and a periphery formed by the third rather than the sec- 

ond primary cord anterior to the suture on the late teleo- 

conch whorls. Eupleura gravidentata is also superficially 

similar to the Miocene to Recent Eupleura muriciformis 

but has a taller spire, less tabulate whorls, and much 
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stronger and more numerous apertural denticles and col- 

umellar rugae. 

Several fossil taxa (e.g., Calophos baranoanus Ander- 

son, 1929; Solenosteira hasletti Anderson, 1929) also col- 

lected at UCMP S-7374 with Eupleura gravidentata al- 

low a tentative correlation of the type locality of this spe- 

cies with the lower Tubara Group, which is now consid- 

ered Pliocene or even earliest Pleistocene in age (Jung, 

1989; Vokes, 1990). 

Eupleura kugleri Jung, 1965 

(Figures 14—17) 

Eupleura kugleri? JUNG, 1965, 524-525, pl. 70, figs. 3-6. 

Description: “Shell of medium size. Spire high. Whorls 

moderately inflated, about seven in number. Protoconch 

and surface of first sculptured whorls not well preserved. 

Protoconch probably consists of about 1% volutions. Ax- 

ial sculpture formed by regularly spaced ridges in early 

stages, two of which are transformed on later whorls into 

sharp, nearly opposite varices. Between the varices there 

are generally three axially elongate knobs, which, how- 

ever, may be absent. Early whorls sculpturd [sic] by two 

prominent spirals, the upper one marking a shoulder. Sub- 

sequently secondary spirals are intercalated. On the body 

whorl the shoulder disappears. Body whorl with about 

seven primary spirals which form projections at the mar- 

gin of the outer lip. Their interspaces are smooth or have 

inconspicuous minor spirals. Suture slightly appressed. 

Aperture oval. Outer lip with a row of six denticles at a 

short distance from its margin. Inner lip smooth. Siphonal 

canal moderately broad, slightly bent backwards, short” 

(Jung, 1965). 

Holotype: NMB H 13715, height 24.1 mm, diameter 14.4 

mm. 

Type locality: Cantaure Formation, Paraguana Peninsula, 

District of Falcon, Venezuela. 

Occurrence: Early Miocene deposits of Venezuela and 

Colombia. 

Discussion: Eupleura kugleri is the oldest known mem- 

ber of the genus predating first occurrences of other trop- 

ical American Eupleura species in the fossil record by at 

least ten million years and subtropical to temperate spe- 

cies in the western Atlantic by at least 15 million years. 

Surprisingly, this species is exceedingly similar to the liv- 

ing eastern Pacific species Eupleura nitida (Broderip, 

1833), and it is clear that this line has evolved little in 

the last 20 million years (compare Figures 14, 17 with 

Figures 29-32). Characters that distinguish the two spe- 

cies are the scabrous rather than smooth shell surface, the 

rib-like as opposed to node-like intervarical axial ele- 

ments, and the four rather than three intervarical axial 

elements in E. nitida. 

In his original description, Jung (1965) estimated the 

number of protoconch whorls of Eupleura kugleri to be 

1.5. Examination of well-preserved material of this spe- 

cies, however, indicates a protoconch with 2.5 whorls 

(Figure 15). 

The Cantaure Formation of Venezuela from which this 

species was first described has been dated as late Early 

Miocene (Burdigalian) by Hunter & Bartok (1974). Eu- 

pleura kugleri is common in deposits of the Cantaure 

Formation (USNM 9317 and NMB collections), at local- 

ity USGS 11641 west of Sinu, Bolivar, Colombia iden- 

tified as Early Miocene by Woodring (1959), and in 

UCMP collections recorded as the ‘“‘Chicguage Forma- 

tion” of Venezuela (UCMP S-8360). The type locality of 

the latter is equivalent to the Cantaure Formation (G. Ver- 

meij, 2000, personal communication). 

Eupleura lehneri Jung, 1969 

(Figures 18—21) 

Eupleura lehneri JUNG, 1969, 491—492, pl. 50, figs. 1—4. 

Description: “Of small to medium size. Protoconch con- 

sists of two smooth whorls; initial whorl small. Postnu- 

clear whorls numbering up to seven. Early sculpture con- 

sists of two spirals and numerous axials (about 14 on first 

sculptured whorl). The upper spiral forms a prominent 

shoulder on the first sculptured whorl already. Number of 

axials decreases rapidly on later whorls, but then becomes 

more and more lamellar. First varix usually appears on 

the penultimate whorl only. Later varices are almost di- 

rectly opposite the earlier ones. Intervarical axials three 

but reduced to broad nodes on the shoulder or even be- 

come obsolete. Body whorl moderately inflated. Last var- 

1x with six spines which are grooved anteriorly. The up- 

permost one is larger than the others and is pointing 

steeply upwards. Body whorl with spirals corresponding 

to the spines. Outer lip with denticles corresponding to 

the interspaces of the spines. Inner lip smooth. Aperture 

subtriangular, most acute angle pointing toward base. Si- 

phonal canal moderately long, straight, not bent back- 

ward” (Jung, 1969). 

Holotype: USNM 645346, height 27.0 mm, diameter 

19.6 mm. 

Type locality: Melajo Clay Member of the Springvale 

Formation, Trinidad. 

Occurrence: Early Pliocene, Springvale Formation, Trin- 

idad; Early Pliocene, Rio Banano Formation, Costa Rica 

(Atlantic side). 

Discussion: In the collections of the NMB, there are sev- 

eral examples of this species from the Pliocene Rio Ban- 

ano Formation at Quitarfa, Costa Rica (NMB loc. 18096, 

PPP 00679), the first for Eupleura lehneri outside of the 

type locality. The Costa Rican shells (Figure 20) differ 
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Figures 18-21. Eupleura lehneri Jung, 1969. Figure 18. USNM 645346 (Holotype): locality: Melajo River, northeastern Trinidad; 

Early Pliocene, Melajo Clay Member of Springvale Formation (= USGS 21178); height 27.0 mm, diameter 19.6 mm. Figure 19. USNM 

519549 (Paratype); locality: Same as Fig. 18; height 20.3 mm, diameter 17.8 mm. Figure 20. NMB H 18316: locality: Quitaria, Rio 

Banano, Limon Province, Costa Rica; Early Pliocene, Rio Banano Formation (= NMB 18096, PPP 00679); height 11.8 mm, diameter 

10.2 mm. Figure 21. USNM 519550; locality: Same as Figure 18; scanning electron micrograph of protoconch and early teleoconch 

whorls (scale bar = 200 jzm; arrow points to protoconch/teleoconch transition). 

Figures 22—27. Eupleura limata Dall, 1890. Figure 22. USNM 55851 (Holotype); locality: “The head of the Gulf 

of California, near the estuary of the Colorado River; height 41.5 mm, diameter 18.5 mm. Figure 23. SBMNH 

118508; locality: San Felipe, Baja California, Mexico; height 39.2 mm, diameter 18.5 mm. Figures 24—26. SBMNH 

144608; locality: Playa Alemajas, 6 km north of San Felipe, Baja California, Mexico; scanning electron micrographs 

of the radula showing variation in rachidian cusp length (scale bar = 100 pm in Figures 24, 25; scale bar = 10 

1m in Figure 26). Figure 25. USNM 61-7; locality: San Felipe, Baja California, Mexico; in 9 m. Figure 27. Scanning 

electron micrograph of the protoconch and early teleoconch whorls (scale bar = 1 mm; arrow points to protoconch/ 

teleoconch transition). 
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somewhat from material collected at the type locality 

(Figures 18—19) in being much smaller (less than 10 mm), 

and in having fewer whorls and more prominent axial 

sculpture between the varices. Aperture shape, spire 

shape, and, particularly, the spinose varices, however, are 

all identical to those observed in the type material. I ten- 

tatively consider the Costa Rican material to be juvenile 

forms of E. lehneri, although additional material may 

eventually show that these are mature forms of a distinct 

species. The prominent axial nodes seen in the Costa Ri- 

can material, for example, were not observed in any on- 

togenetic stages of E. lehneri from the type locality. 

Controversy surrounding the relationship between Eu- 

pleura lehneri and Eupleura pectinata is discussed below 

under Eupleura thompsoni Woodring, 1959. 

Eupleura limata Dall, 1890 

(Figures 22—27) 

Eupleura muriciformis var. limata DALL, 1890a, 146. 

DALL, 1891, 175. 

Description: “. . . the intervarical nodes are obsolete; the 

whole surface nearly smooth; there are but two or three 

varices in all, and they are narrow and not prominent. 

This variety reaches a length of 40 and a diameter of 18.5 

mm” (Dall, 1890a). 

Revised description: Shell large for genus. Maximum 

height 41.5 mm. Eight teleoconch whorls in adult; pro- 

toconch of 1.5 smooth, rounded whorls. Spire high. 

Whorls with wide, sloped, sub-sutural ramp. Early whorls 

with 12—14 axial lamellae becoming more rounded on 

later whorls. Axial elements on last teleoconch whorl ob- 

solete. Early spiral ornamentation consisting of two cords 

and third partially concealed by subsequent whorl. Spiral 

cords and axial nodes on last whorl obsolete or nearly so. 

On penultimate and final teleoconch whorl, periphery 

formed by third primary cord below suture. One or two 

varices sometimes present on penultimate whorl; two var- 

ices on final teleoconch whorl. Varices rounded, rib-like. 

Aperture strongly ovate, with six sub-obsolete denticles 

on outer lip. Siphonal canal long, straight, moderately 

open. Shell surface smooth, glossy. Shell color solid 

white with light yellow, orange, or purple tint. 

Holotype: USNM 55851, height 41.5 mm, diameter 20.0 

mm. 

Type locality: ‘““The head of the Gulf of California, near 

the estuary of the Colorado River.” 

Occurrence: Recent: Northwestern Gulf of California 

near San Felipe, Puertocitos, and El Golfo de Santa Clara, 

Mexico. 

Habitat: Intertidal to 15 m on mud and sand bottom. 

Discussion: Eupleura muriciformis var. limata Dall, 

1890, has been overlooked by many workers (e.g., Rad- 

win and D’ Attilio, 1976) or synonymized erroneously un- 

der either Eupleura muriciformis or Eupleura triquetra. 

The shell morphology of Dall’s variety is only generically 

similar to that of E. muriciformis but is easily confused 

with E. triquetra, which is nearly identical in shell mor- 

phology. The type specimens and additional material for 

all three taxa are figured herein. Eupleura triquetra 1s 

found throughout the Gulf of California except in the 

northwestern-most region near San Felipe and El Golfo 

de Santa Clara, where E. limata is restricted. Eupleura 

limata differs from E. triquetra in having weaker spiral 

cords and intervarical ribs, a less developed shoulder 

spine on the varix, a more expanded parietal shield, and 

a glossy shell surface rather than the chalky white intri- 

ticalx of E. triquetra. Eupleura limata has a white, light 

yellow, or light orange shell color without spiral bands; 

beneath its intriticalx, E. triquetra has a white, grey, or 

greyish-purple base color, often with one to three broad 

spiral bands of brown. Both species have paucispiral pro- 

toconchs indicative of direct development (Figures 27, 

78). 

Although these differences in shell morphology and 

color are subtle, there are striking differences in the mor- 

phology of the rachidian teeth between these forms, 

which support regarding Eupleura muriciformis var. li- 

mata as a full species. The rachidian of Eupleura trique- 

tra differs from that of E. /imata in having a much wider 

gap between the lateral and central cusps of the rachidian 

tooth, a longer central cusp that has a wide base, more 

slender lateral cusps, weaker and sometimes bifurcated 

intermediate denticles, and fewer and weaker marginal 

denticles (Figures 24—26, 75-77). The rachidian of E. /i- 

mata further varies in the length of the central, lateral, 

and marginal cusps (Figures 24—25). 

Cryptic speciation and a high level of endemism may 

be a predominant biogeographic pattern in the northern 

Gulf of California. Marko & Vermeij (1999) found that 

molecular sequence divergence in Mexacanthina angelica 

(Oldroyd, 1918) from Bahia de Los Angeles and San Fe- 

lipe was much higher than expected considering the close 

geographic proximity of these two localities (<100 km). 

San Felipe harbors other molluscan endemics as well 

(von Cosel, 1992; Hertz et al., 1992; Keen, 1971), pos- 

sibly due to “peculiar”? ecological conditions in that area, 

which include fine sediments and murky water (McLean, 

1969:121). Because of the close proximity of the Colo- 

rado River to San Felipe, one possible scenario is that 

fluctuations in flow rates during the Pleistocene (Dalrym- 

ple & Hamblin, 1998; Guerro et al., 1999) have contrib- 

uted to conditions favorable for the isolation and diver- 

gence of populations in the northern Gulf of California. 

Humans began diverting the Colorado River, however, 

starting in the 1930’s, which caused a dramatic decrease 

in sediment and nutrient flow into the delta (Fradkin, 

1996) and triggered the collapse of the delta ecosystem. 
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Ecosystem collapse has been particularly severe in the 

marine portion of the estuary (Luecke et al., 1999; Ko- 

waleski et al., 2000), where Eupleura limata was previ- 

ously recorded. Some mollusks endemic to the delta, such 

as the bivalve Mulinia coloradoensis, are being replaced 

by more fully marine species in the Gulf as marine con- 

ditions encroach further into the delta (Flessa & Téllez- 

Duarte, 2001). 

The effects of the river diversion on populations of E. 

limata are unknown. In museum collections, no live col- 

lected material is known from the San Felipe area after 

the early 1970’s. During a recent survey of the intertidal 

flats of San Felipe and El Golfo de Santa Clara, I was 

able to find only a few dark-stained, sub-fossil shells of 

E. limata occupied by hermit crabs but no live animals. 

Because E. limata was endemic to this area, it is possible 

that many or all populations of this species are now ex- 

tinct. However, it does not appear to have been replaced 

by the more fully marine species Eupleura triquetra, 

which is abundant in other parts of the Gulf. Additional 

surveys are needed to assess the status of E. limata. 

Studies of Pleistocene fossils from southern California 

and northern Baja California, Mexico in the LACMIP and 

UCMP collections indicate that the countless reports of 

Pleistocene fossils assigned to Eupleura muriciformis and 

Eupleura limata in the literature (e.g., Chace, 1956; Em- 

erson & Chace, 1959; Kanakoff & Emerson, 1959; Em- 

erson, 1980) are probably. all references to Eupleura tri- 

quetra. A typical fossil specimen from the southern Cal- 

ifornia area (Figure 79) has strong spiral sculpture and 

four strong axial nodes, which characterize E. triquetra 

rather than E. limata. 

Eupleura muriciformis (Broderip) 

(Figures 28—40) 

Ranella muriciformis BRODERIP, 1833, 179. SOWERBY, 

G.B. JR., 1841, pl. 88, fig. 11. REEVE, 1844b, pl. 7, 
sp. 34. KOBELT, 1878, 129, pl. 38a, fig. 1. 

Eupleura muriciformis (Broderip), TRYON, 1880, 158, pl. 

39, fig. 502. 

NOT: 

Eupleura muriciformis (Broderip), TRYON, 1880, pl. 39, 

fig. 501. [= E. pectinata] 

Eupleura muriciformis (Broderip), TRYON, 1880, pl. 39, 

fig. 504. [= E. plicata] 

Eupleura muriciformis (Broderip), TRYON, 1880, pl. 39, 

fig. 505. [= E. triquetra] 

Eupleura muriciformis (Broderip), DALL, 1890b, 174, pl. 

5, fig. 2. SMITH, 1944, fig. 307. ABBOTT, 1974, 188, 
fig. 1961. KEEN, 1971, 530, no. 1024. RADWIN & 

D’ATTILIO, 1976, 115-116, pl. 19, fig. 5. VOKES, 
1984, pl. 2, fig. 19. [= E. vokesorum, sp. nov.] 

Description: “‘Ran. testa subpyriformi, fusca, fulva vel 

sordide alba, transversim striata (striis subremotis), vari- 

cibus pinnatis, latiusculis, albidis, interstitialiter tubercu- 

lata vel subfoliata; columella laevi; labri limbo intus den- 

ticulato; canali elongata, subrecurva: long. 1%, lat. 7% 

poll” (Broderip, 1833). 

Revised description: Shell large for genus with average 

length of 35 mm. Maximum shell height approximately 

60 mm. Protoconch of 2.5 smooth rounded whorls. Spire 

height variable. Seven teleoconch whorls in adult speci- 

mens. Earliest whorls scalariform, with 12—14 sharp axial 

lamellae per whorl. Last whorl with eight or nine axial 

elements; two of these form blade-like varices with four 

(or rarely three) intervarical nodes between varices. Num- 

ber of varices variable but up to seven forming per shell. 

Cords two or three on spire, of moderate strength, becom- 

ing six cords on major portion of body whorl, with sev- 

enth weaker cord just below suture, and numerous closely 

spaced cords on canal. One secondary cord occasionally 

present between primaries. Shoulder of spire whorls and 

shoulder spine on all varices formed by second cord an- 

terior to suture; shoulder of last teleoconch whorl chang- 

ing to third anterior to suture. Shoulder spine formed by 

thick, long, recurved and adapically extended cord. Pri- 

mary cords on varix anterior to shoulder spine also some- 

times forming smaller, strongly recurved spinelets. Shell 

surface crispate in juveniles but smooth in adults. Aper- 

ture large, round, with five or six very low denticles; 

columella smooth. Posterior portion of aperture flattened. 

Canal long, narrowly open, straight to gently recurved. 

Shell color dark brown, maroon, or pure white. One thin, 

white spiral band just below shoulder on darker shells. 

Thick brown band from suture to shoulder on some white 

shells, with a second, thinner brown band occasionally 

forming on canal. 

Lectotype (here designated): BMNH Reg. No. 1998112 

(H. Cuming Collection), height 37.1 mm, diameter 21.8 

mm. 

Paralectotype A: BMNH Reg. No. 1998112 (H. Cuming 

Collection), height 31.7 mm, diameter 19.8 mm. 

Paralectotype B: BMNH Reg. No. 1998112 (H. Cuming 

Collection), height 59.8 mm, diameter 28.5 mm. 

Type locality: Bay of Montijo, Panama, in 12 m. 

Occurrence: Fossil: Late Middle Miocene, basal Cauja- 

rao Formation, Falc6n, Venezuela. Early to middle Plio- 

cene, Punta Gavilan Formation, Falcon, Venezuela. ?Plio- 

Pleistocene, Cumana Formation, Island of Cubagua, Ve- 

nezuela. Pliocene, Tubaré Formation, Colombia. Late Pli- 

ocene, Canoa Formation, Manabi Province, Ecuador. 

Pleistocene, Lomita Marl, San Pedro, California. Recent: 

Guaymas, Mexico and Bahia Concepcion, Baja Califor- 

nia, Mexico south to Peru (see discussion). 

Habitat: Intertidal to 30 m on mud bottom. 

Discussion: Eupleura muriciformis 1s commonly con- 

fused with Eupleura vokesorum, sp. nov., and the two 

species overlap geographically over much of their re- 
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spective ranges. They differ greatly, however, in both 

depth of habitat and shell morphology. Eupleura muri- 

ciformis is found primarily on mud from the intertidal 

zone to depths of 30 m, whereas E. vokesorum occurs on 

coarser sediments from 20 to 200 m. The Recent shells 

of E. muriciformis differ from those of E. vokesorum in 

having (usually) four rather than three intervarical nodes, 

a crispate rather than a smooth shell surface, more adap- 

ically directed shoulder spines, a broader aperture, a low- 

er spire, a less sharply defined shoulder on the early te- 

leoconch whorls, stronger spiral ornamentation in the 

adapical portion of the body whorl, and 12 to 14 rather 

than eight to ten axials on the early teleoconch whorls 

(Figures 28, 29, 33, 83-85, 89). Fossils of E. muricifor- 

mis, however, have only three intervarical nodes. Eupleu- 

ra muriciformis also has a white shell with spiral bands 

of brown color, the first band covering the region between 

the suture and the shoulder of the body whorl and the 

second usually occurring at the narrow break between the 

main body whorl and the siphonal canal (Figure 40). Eu- 

pleura vokesorum, in contrast, has a solid maroon shell 

without any detectable banding (Figure 83). The opercula 

of these two species differ in the sigmoid-shaped rather 

than straight left edge of the operculum in FE. muricifor- 

mis (Figures 33, 89). Their radulae are similar. 

A lectotype for Eupleura muriciformis is designated 

here in order to clarify the identity of this species. The 

lectotype selected is one of three shells in the type lot in 

the BMNH. It can be distinguished from the two other 

syntypes (now paralectotypes A and B) in shell dimen- 

sions, which are given above, as well as in spire height 

and shell color. The lectotype is of average shell height 

for the species (~35 mm), light maroon in shell color, 

and has a spire roughly one third the height of the shell 

(Figure 28). Paralectotype A is nearly the same shell 

height as the lectotype, but differs in having a dark brown 

shell with a narrow white band, and a much lower spire 

(Figure 29). Paralectotype B (not figured) is an enormous 

specimen (nearly 60 mm in shell height), solid white in 

color, and has an unusually high spire. Regrettably, none 

of the syntypes are ‘typical’ for the species in shape, col- 

or, and/or size. The most common form for this species 

has a white shell with a thick brown band above the 

shoulder and a narrow band midway between the shoul- 

der and the tip of the canal, V-shaped varices with a sin- 
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gle upturned spine at the shoulder, and a relatively low 

spire (Figure 40). 

Previously, this species was reported from the Pleis- 

tocene fossil record of southern California and Baja Cal- 

ifornia, Mexico and the Pliocene record of Ecuador. Pleis- 

tocene fossils in the literature recorded as Eupleura mur- 

iciformis, however, are all examples of Eupleura triquetra 

(see discussion under Eupleura limata). Pliocene fossils 

from Ecuador identified as E. muriciformis by Vokes 

(1989a) are probably Eupleura vokesorum, sp. nov. based 

on her concept of E. muriciformis as illustrated in Vokes 

(1984) and in her private collection now housed at the 

SBMNH. Unfortunately, the exact identity of the Ecuador 

fossils could not be confirmed as this material has been 

misplaced (E. Benamy [ANSP] 1998, personal commu- 

nication). It is unlikely, then, that any of the fossil oc- 

currences of E. muriciformis referenced in the literature 

refer to this species. 

The additional data supplied by newly discovered fossil 

examples of Eupleura muriciformis in the paleontological 

collections of the LACMIP, NMB, UCMP, and USNM are 

significant for several reasons. First, E. muriciformis is 

one of the geologically oldest of the living species in the 

genus as evidenced by its occurrence in the late Middle 

Miocene Caujarao Formation of Falcén, Venezuela (Fig- 

ure 34). Because previously reported fossils for this spe- 

cies were incorrectly identified, this is equivalent to 

roughly a 10-14 million year stratigraphic range exten- 

sion. 

Second, the stratigraphic and geographic occurrences 

of the newly discovered E. muriciformis fossils indicate 

that this species inhabited the western Atlantic for a con- 

siderable amount of time, perhaps seven million years or 

more, before arriving in the eastern Pacific in the Late 

Pliocene. There are numerous Late Miocene deposits on 

the eastern Pacific side of tropical America containing a 

range of environments (J. Todd, 2002, personal commu- 

nication) and several species of Eupleura, but not E. mur- 

iciformis. Third, the present distribution of E. muricifor- 

mis in the eastern Pacific is relictual, since during the Late 

Pliocene, this species was present in both the eastern Pa- 

cific and the western Atlantic but today survives only in 

the eastern Pacific. Finally, the oldest fossil examples of 

this species have shells with three intervarical ribs, 

whereas most of the modern specimens have four. Other 

Figures 28-33. Eupleura muriciformis (Broderip, 1833). Figure 28. BMNH Reg. No. 1998112/1 (Lectotype); 

locality: Bay of Montijo, west coast of Panama, in 12 m; height 37.1 mm, diameter 21.8 mm. Figure 29. BMNH 

Reg. No. 1998112/2 (Paralectotype A); locality: Same as Figure 28; height 31.7 mm, diameter 19.8 mm. Figures 

30-32. BMNH Reg. No. 1998112/1 (Lectotype), locality: same as Figure 28, scanning electron micrographs of the 

lectotype radula (scale bar = 10 pm). Figure 33. LACM 37-124; locality: ““Sonora, Mexico;”’ scanning electron 

micrograph of the prototconch and early teleoconch whorls (scale bar = 200 pm; arrow points to protoconch/ 

teleoconch transition). 
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species, such as Eupleura nitida and Eupleura plicata, 

also have four or five intervarical ribs, but the fossils of 

E. muriciformis demonstrate that this shared condition 

was derived independently in E. muriciformis. 

The geographic range of modern Eupleura muricifor- 

mis is unclear, since many literature records of this spe- 

cies refer, entirely or in part, to Eupleura vokesorum, sp. 

nov. (e.g., Pena, 1970; Keen, 1971; Abbott, 1974; Radwin 

and D’Attilio, 1976). I have examined museum speci- 

mens from as far north as Guaymas in the Gulf of Cali- 

fornia and as far south as Tumbes, Peru in the South 

Pacific. Pena (1970) extended this range to Mancora, 

Peru, although this could refer to either E. muriciformis 

or E. vokesorum, which also extends into Peru. Tryon 

(1880) reported the occurrence of living E. muriciformis 

in the western Atlantic near Cedar Key, Florida as deter- 

mined by W.W. Calkins and from labelled specimens in 

the Swift collection (ANSP 36513). This material has 

been re-identified as Eupleura sulcidentata Dall, 1890 (G. 

Rosenberg, 1998, personal communication), a superfi- 

cially similar species that had not yet been described in 

1880 when Tryon published his paper. 

Lowe (1935) reported Eupleura muriciformis feeding 

on Cerithium sp. on reefs, but it is unclear whether he 

was referring to E. muriciformis, Eupleura triquetra, or 

Eupleura vokesorum, sp. nov. Hemingway (1975) also 

discussed the feeding habits of FE. muriciformis and fig- 

ured its radula, although the radula appears to be that of 

E. triquetra. 

Eupleura nitida (Broderip, 1833) 

(Figures 41—50) 

Ranella nitida BRODERIP, 1833, 179. SOWERBY, G.B. 

JR., 1841, pl. 84, fig. 4. KIENER, 1843, 9, pl. 2, fig. 2; 

DESHAYES, 1843, 557, no. 25. REEVE, 1844b, pl. 8, 

sp. 45. ADAMS, 1852, 120. 

Eupleura nitida (Broderip), TRYON, 1880, pl. 39, fig. 500; 

PERRY, 1940, 142-143, pl. 31, fig. 216; M. SMITH, 

1944, 25, fig. 305. PERRY & SCHWENGEL, 1955, pl. 

31, fig. 216, p. 154. KEEN, 1971, 530, no. 1025; AB- 

BOTT, 1974, 188, no. 1962. RADWIN & D’ATTILIO, 

1976, 116, pl. 19, fig. 6; VOKES, 1989b, Tulane pl. 1, 

figs. Sa—Sb. 

Description: “‘Ran. testa subrhomboided, valde depressé, 

transversim tuberculato-striata, (tuberculis subacutis), ni- 

gro-purpured, interdum albo fasciata, varicibus latis, pin- 

natus, lacinatis, albis; columella laevis; labri limbo intus 

denticulato; canali subelongata: long. 1, lat. % poll” 

(Broderip, 1832). 

Revised description: Shell fusiform, small for genus, 

with maximum height around 25 mm. Protoconch with 

2.5 smooth, rounded whorls. Transition into strongly or- 

namented early teleoconch whorls smooth. Earliest teleo- 

conch whorls wide, tabulate, with two thick spiral cords 

and approximately 14 axial lamellae. Body whorl dorso- 

ventrally flattened. Seven teleoconch whorls in mature 

specimens. Axial elements reduced to ten per whorl on 

later teleoconch whorls, with every fifth axial element 

forming an expanded varix beginning on fifth whorl. In- 

tervarical axial elements elongate, rib-like, forming raised 

nodules at intersection with spiral cords. Five major cords 

on body whorl, two or three weaker primary cords on 

canal, and one strong secondary cord between suture and 

first primary cord. Periphery of whorl formed by third 

primary cord below suture. Up to seven secondary cords 

intercalated between primaries. Shell surface with nu- 

merous calcitic microlamellae; on cords, microlamellae 

become vaulted scales. Shell color brown with white 

bands, but usually obscured by microlamellae. Aperture 

small, ovate. Six low denticles on inside of outer lip: 

single, low cord situated at posterior end of columella. 

Columella smooth. Siphonal canal short, narrowly open, 

bent to the left, weakly recurved. 

Syntypes: BMNH Reg. No. 1966648/1 (H. Cuming Col- 

lection), height 26.6 mm, diameter 20.0 mm (= Syntype 

1); BMNH Reg. No. 1966648/2 (H. Cuming Collection), 

height 26.2 mm, diameter 14.5 mm (= Syntype 2); 

BMNH Reg. No. 1966648/3 (H. Cuming Collection), 

height 26.0 mm, diameter 16.5 mm (= Syntype 3). 

Type locality: ““Collumbium Occidentalem (Bay of Car- 

accas), found under stones in the bay”’ (= Bahia de Ca- 

raquez, Manabi Province, Ecuador; see Jung, 1989:247). 

Occurrence: Fossil: Early to middle Pliocene, Mare For- 

mation, Cabo Blanco, Venezuela. Early to middle Pleis- 

Figures 34-40. Eupleura muriciformis (Broderip, 1833). Figure 34. NMB H 18310; locality: 3.5 km SSW of 
Pueblo Cumarebo, outcrop among houses 100 m S of road at W end of San Rafael, Falcon, Venezuela; late Middle 

Miocene, basal Caujarao Formation (= NMB loc. 17529); height 28.4 mm, diameter 19.2 mm. Figure 35. NMB H 

18311; locality: 10 km SSE of San Lorenzo, Manabi Province, Ecuador; Late Pliocene, Canoa Formation (= NMB 

loc. 19142, PPP 03514); height 21.9 mm, diameter 16.7 mm. Figure 36. NMB H 18312; locality: Punta Gavilan, 

Falcon, Venezuela; Early to middle Pliocene, Punta Gavilan Formation (= NMB loc. 17531); height 23.7 mm, 

diameter 17.6 mm (incomplete). Figure 37. UCMP 198995; locality: Colombia; Pliocene, Tubara Formation (= 

UCMP loc. 19158); height 26.7 mm, diameter: 20.2 mm. Figure 38. LACMIP 7164; locality: Hilltop quarry, 2.5 

km NW of San Pedro, California; Pleistocene, Lomita Marl; height 28.9 mm, diameter, 17.8 mm. Figure 39. CAS 

116077; locality: 13 km off Sinaloa, Mexico, 18 to 31 m depth; height 27.6 mm, diameter 17.6 mm. Figure 40. 

CAS 116074; locality: San Blas, Mexico (Pacific); height 31.3 mm, diameter 17.8 mm. 
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tocene, Armuelles Formation, Rio Corredor, Costa Rica 

(Pacific side). Recent: Mazatlan, Mexico to Chimbote, 

Peru (Pefia, 1970). 

Habitat: Intertidal to 28 m on and under stones and 

rocks. 

Discussion: Museum labels examined from several hun- 

dred lots of Eupleura nitida from the museum collections 

listed above and habitat information collected by Spight 

(1983) indicate that this species lives intertidally on and 

under stones and rocks to 28 m in the eastern Pacific from 

Mazatlan, Mexico, to Chimbote, Peru. The deeper records 

were all recorded from Panama. A single specimen was 

cited by Perry (1940) as having been dredged live in 11 

m off Redfish Pass, Lee County, Florida. The figured 

specimen was correctly identified, although the accuracy 

of the locality data is doubtful as no other specimens have 

ever been collected from this heavily sampled area. 

Nevertheless, in the collections of the NMB there is 

one western Atlantic fossil specimen of Eupleura nitida 

from the type locality of the Mare Formation of Vene- 

zuela (NMB loc. 17512) (Figure 47). Two additional fos- 

sil examples of E. nitida also in the Basel collections 

indicate that this species was present on the Pacific coast 

of Costa Rica by at least the Pleistocene (Figures 48—49). 

In general, the fossils tend to have less expanded varices 

than Recent specimens, but it is difficult to determine 

with this limited amount of fossil material whether the 

shells are just immature or worn or whether there are real 

differences in growth patterns between them. Both fossil 

and Recent shells have the scabrous surface sculpture that 

is characteristic of this species (Figure 50). 

Although the shell microstructure of this species is 

somewhat different than that of other species of Eupleura 

in lacking a well-defined outer calcite layer (Figure 1), 

the scabrous lamellae are composed of translucent calcite 

giving the shell a “‘frosted’” appearance. These lamellae, 

therefore, may be the remnants of this outer calcite layer. 

In the type lot of Eupleura nitida in the BMNH, there 

are three syntypes, one of which (Syntype |) appears to 

be the shell figured by Reeve (1844b) and Tryon (1880) 

based on the appearance of the outer lip, which is com- 

plete in Syntypes 2 and 3 but only partially complete in 

Syntype | (Figure 41). Because there is no taxonomic 

confusion regarding the identity of this species, designa- 

tion of a lectotype is unnecessary. 

The type locality for Eupleura nitida is stated as “‘Col- 
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lumbium Occidentalem (Bay of Caraccas), found under 

stones in the bay,” although I was not able to locate this 

locality on any available maps. Jung (1989:247) noted 

that this could be a reference to Bahia de Caraquez, in 

the Manabi Province of Ecuador. 

Eupleura olssoni Vokes, 1989 

(Figure 51) 

Eupleura thompsoni Woodring subspecies, OLSSON, 1964, 

139, pl. 29, fig. 9. 

Eupleura olssoni VOKES, 1989a, 114-116, pl. 1, figs. 6-7. 

Description: “Shell small, seven teleoconch whorls; pro- 

toconch unknown. Spiral ornamentation on earliest teleo- 

conch whorls of two sharp cords set very near anterior 

suture, leaving a wide, smooth, sloping shoulder ramp. 

On body whorl about 12 cords, one at shoulder, one 

weaker on the shoulder ramp, and approximately ten 

weaker ones anterior to shoulder, becoming progressively 

less strong anteriorly, very faint on siphonal canal; be- 

tween each pair of major cords three to five extremely 

faint threads. Axial ornamentation on earliest teleoconch 

whorls of about 12 small lamellae, gradually reducing in 

number until on approximately the fifth teleoconch whorl 

only eight in number, with every fourth one becoming an 

expanded varix; three nodes remaining between each pair 

of varices. Varices aligned on opposite sides of the shell, 

with the varices of each successive whorl slightly in ad- 

vance of varices on previous whorl, leaving a visible off- 

set with varices not fused together. Intervarical nodes per- 

sisting as rounded knobs, over which the spiral ornamen- 

tation is diminished so that the knobs appear relatively 

smooth. Varices extended as a series of webbed scallops 

between points formed by extensions of the spiral cords, 

that at the shoulder the longest and adapically directed; 

on varical faces spiral cords expressed as grooves into 

which the shell laminae are enfolded. Aperture elongate- 

oval; inner lip appressed to columellar wall, with a few 

faint rugae reflecting underlying spiral cords. Margin of 

outer lip folded into the grooves of the varical face, es- 

pecially at the shoulder; six strong denticles developed 

on inner side of outer lip, positioned between the grooves. 

Siphonal canal moderately long, straight, almost closed 

but open by a narrow slit’’ (Vokes, 1989a). 

Holotype: USNM 445402, height 26.3 mm, diameter 

17.2 mm. 

Figures 41-46. Eupleura nitida (Broderip, 1833). Figure 41. BMNH 1966648/1 (Syntype 1): locality: ““Collum- 

bium Occidentalem (Bay of Caraccas), found under stones in bay;” height 26.6 mm, diameter 20.0 mm. Figure 42. 

USNM 860472; locality: Venado Beach, Panama (= TU R-188); height 26.5 mm, diameter 15.5 mm. Figures 43— 

45. Herbert collection; locality: Same as Figure 42; scanning electron micrographs of the radula (scale bar = 10 

wm in Figures 43—45). Figure 46. Herbert collection; locality: Same as Figure 42; scanning electron micrograph of 

the prototconch and early teleoconch whorls (scale bar = 200 p.m; arrow points to protoconch/teleoconch transition). 
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Figures 47-50. Eupleura nitida (Broderip, 1833). Figure 47. NMB 17512: locality: Quebrada Mare Abajo, Cabo Blanco, Venezuela: 

Early to middle Pliocene, Mare Formation; height 24.3 mm, diameter 16.7 mm. Figure 48. NMB H 18313; locality: Rio Corredor, 

above bridge of Carretera Interamericana, on right bank of river, Neily, Costa Rica (Pacific); Early to middle Pleistocene, Armuelles 

Formation (= NMB loc. 18301, PPP 01024); height 19.3 mm, diameter 12.1 mm. Figure 49. NMB H 18314; locality: Left bank of Rio 

Corredor, about 250 m N of bridge of Carretera Interamericana, Neily, Costa Rica (Pacific); Pleistocene? (= NMB loc. 18166, PPP 

00818-00820); height 14.5 mm, diameter 12.6 mm (incomplete). Figure 50. Herbert collection; locality: Same as Figure 42; scanning 

electron micrograph of scabrous shell sculpture over body whorl (scale bar = 1 mm). 

Type locality: Angostura Formation; Punte Verde, large 

point just east of Rio Verde, or about 30 km east of Rio 

Esmereldas, Province of Esmeraldas, Ecuador (= TU 1507). 

Occurrence: Late Miocene, Angostura Formation, Ec- 

uador. 

Discussion: Vokes (1989a) previously considered Eu- 

pleura olssoni Vokes, 1989, of the Angostura Formation 

of Ecuador and Eupleura prenitida Vokes, 1989, of the 

Gatun Formation of Panama to form an ancestor-descen- 

dent pair with only small differences in shell surface 

sculpture and shoulder spine angle between the two. More 

recent stratigraphic work, however, indicates that these 

species were possibly contemporaries of one another. Al- 

though the Angostura Formation of northwestern Ecuador 

in which E. olssoni occurs does not contain any diagnos- 

tic planktonic foraminifera, exposed sections along the 

coast east of Rio Verde show that the Angostura For- 

mation overlies the Viche Formation and underlies the 

Onzole Formation (Vokes, 1989a). The Onzole and the 

Viche formations have been dated as having N12 and 

N16 planktonic foraminiferal faunas, respectively (Whit- 

taker, 1988). The Angostura Formation, therefore, over- 

laps in age with the Late Miocene Gatun Formation of 

Panama, which Collins, Budd, & Coates (1996) identified 

as having an N14—N17 fauna. 
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Figures 51-55. Eupleura species. Figure 51. Eupleura olssoni Vokes, 1989. USNM 643957 (Paratype B); locality: Telembi, Rio 

Cayapas, Ecuador; Late Miocene, Angostura Formation; height 27.6 mm, diameter 18.2 mm. Figure 52. Eupleura prenitida Vokes, 

1989. USNM 445390 (Holotype); locality: hill-slope on east side of road from Boyd-Roosevelt Highway to Refinerfa Panama, S. A., 

about 0.5 km north of junction, just east of Cativa, Prov. of Colon, Panama; Late Miocene, Gatun Formation (= TU 958); height 31.1 

mm, diameter 17.7 mm (Photographs courtesy of Emily Vokes). Figures 53-55. Eupleura paroudia Herbert, sp. nov. Figure 53. UF 

91974 (Holotype): locality: Roadcut, pipeline cut, and quarry on Mexico Highway 180, 23 km east of junction with side road into 

Coatzacoalcos, Veracruz, Mexico; Early to middle Pliocene, Agueguexquite Formation (= TU 638); height 19.7 mm, diameter 16.3 

mm. Figure 54. UCMP 198994 (Paratype B); locality: Same as Figure 53; height 18.0 mm, diameter 14.2 mm. Figure 55. UF 91972 

(Paratype A); locality: Same as Figure 53; height 21.5 mm, diameter 14.0 mm. 

Eupleura olssoni also superficially resembles the marily in the stronger spiral sculpture on the adapical 

Early Pliocene to Recent Eupleura vokesorum, sp. nov. portion of the body whorl and the lack of open spines 

in having long spines extending past the margin of the on the spire whorl intervarical axials in E. olssoni. Vo- 

varices and recurving abaperturally, a longer spine on kes’ (1989a) references to Eupleura muriciformis in 

the shoulder of the whorl than elsewhere, web-like var- her comparison of E. olssoni and E. muriciformis refer 

ices, and a long narrow siphonal canal. They differ pri- to E. vokesorum. 
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Eupleura paroudia Herbert, sp. nov. 

(Figures 53-55) 

Diagnosis: Eupleura with elongate axial ribs on body 

whorl, sloped body whorl, heavily denticulated aperture, 

broadly expanded varices, and paucispiral rather than 

multispiral protoconch. 

Description: Shell small for genus and almost biconical 

in shape. Maximum height 24 mm but averaging around 

20 mm. Teleoconch with seven to eight whorls; proto- 

conch of 1.5 smooth, rounded whorls. Spire tall, scalari- 

form; sub-sutural shelf sloping sharply from suture to 

shoulder. First teleoconch whorl convex; subsequent early 

whorls having one cord forming well-defined shoulder. 

Later teleoconch whorls having nine to 13 cords of mod- 

erate strength; one cord above shoulder, four to seven on 

body, and four to five on anterior canal. Periphery of 

body whorl formed by second cord anterior to suture. 

Shoulder cord at varix upturned and longer than rest. Ax- 

ial ornamentation on early whorls consisting of ten or 

eleven lamellae becoming six to eight axial elements by 

penultimate whorl. Ribs large, elongate, beginning at 

shoulder but fading rapidly into body whorl. Three or 

four ribs between varices. Three varices present on shell; 

first varix on penultimate whorl and two varices on final 

whorl. Second varix shared by varices on penultimate and 

final whorls and aligned 180° apart from both. Varices 

bladelike, greatly expanded in mature individuals, ex- 

tending from high above shoulder of last whorl to tip of 

siphonal canal; varices serrated at margin by ray-like pro- 

jections of spiral cords. Aperture ovate, small, and heavi- 

ly denticled; six or seven strong denticles on outer lip, 

two strong denticles across top of aperture, five to seven 

irregularly spaced rugae on inside lip, and one strong den- 

ticle each at both anterior and posterior portions of col- 

umellar wall. Margin of inner lip well-defined, projected 

away from body whorl slightly. Siphonal canal of mod- 

erate length, straight, and narrowly open. 

Holotype: UF 91974, height 19.7 mm, diameter 16.3 

mm. 
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Paratype A: UF 91971, height 21.5 mm, diameter 14.0 

mm. 

Paratype B: UCMP 198994, height 18.0 mm, diameter, 

14.2 mm. 

Type locality: Agueguexquite Formation, roadcut, pipe- 

line cut, and quarry on Mexico Highway 180, 23 km east 

of junction with side road into Coatzacoalcos, Veracruz, 

Mexico (= TU 638). 

Occurrence: Early to middle Pliocene, Agueguexquite 

Formation, Veracruz, Mexico. 

Etymology: paroudia (G.), a lepidopteran (in reference 

to shape of the shell outline of the holotype). 

Discussion: Eupleura paroudia, sp. nov. was collected 

and first recognized as a distinct species by Emily Vokes 

of Tulane University but was never described. The spe- 

cies name designated herein was suggested by Vokes for 

the distinctive “butterfly shape’ of the expanded varices 

exhibited in the holotype (Figure 53). Eupleura paroudia 

is only the second species of Eupleura to be reported 

from the fossil record of the western Gulf of Mexico; 

however, it does not appear to be closely related to the 

older, western Gulf species Eupleura engerrabunda, sp. 

nov. There are no species of Eupleura living in the west- 

ern Gulf of Mexico today. 

This new species is most similar to Eupleura murici- 

formis in shell outline but differs in having stronger and 

more elongate axial ribs on the body whorl, a more heavi- 

ly denticulated aperture, weaker spiral ornamentation, 

fewer varices, a more narrowly open siphonal canal, and 

a paucispiral rather than a multispiral protoconch. Eu- 

pleura paroudia also resembles Eupleura gravidentata, 

sp. nov. from the Pliocene of Colombia in having colu- 

mellar rugae and only three varices but differs in having 

the periphery of the whorl formed by the first rather than 

the second primary cord below the suture on the later 

teleoconch whorls, more expanded varices, and a lower 

spire. 

The Agueguexquite Formation of Veracruz, Mexico 

Figures 56-63. Eupleura pectinata (Hinds, 1844). Figure 56. NMB H 18315; locality: Rio Corredor, above bridge 

of Carretera Interamericana, on right bank of river, Neily, Costa Rica (Pacific); Early to middle Pleistocene, Ar- 

muelles Formation (= NMB loc. 18301, PPP 01024); height 29.8 mm, diameter 21.8 mm. Figure 57. UCMP 198991; 
locality: Arroyo Grande at Usiacuri, Dept. Atlantico, Colombia; undifferentiated Miocene (= UCMP loc. S-7607); 

height 41.1 mm, diameter 28.2 mm. Figure 58. CAS 113080; locality: 24 m, dredged 11.5 km west of Champerico, 

Guatemala; height 29.5 mm, diameter 17.0 mm. Figure 59. UF 291364; locality: Off Canal de Atuera Island, Gulfo 

de Chiriqui, Panama; in mud and sand at 74 m; height 37.0 mm, diameter 20.0 mm. Figures 60-62. SBMNH 

144604; locality: Chiriqui, Panama, in 135-185 m; scanning electron micrographs of the radula (Figure 61 shows 

a closeup of the nascent, partially mineralized region of the radula; scale bar = 100 pm in Fig. 60; scale bar = 10 

um in Figures 61, 62). Figure 63. CAS 113080; locality: dredged, 11.5 km west of Champerico, Guatemala, in 24 

m; scanning electron micrograph of the early teleoconch whorls (scale bar = 1 mm; arrow points to protoconch/ 

teleoconch transition). 
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(TU 638), in which this species 1s found, has been dated 

as Early to middle Pliocene (Vokes, 1990). 

Eupleura pectinata (Hinds, 1844) 

(Figures 56—63) 

Ranella pectinata HINDS, 1844, 13, pl. 4, figs. 17, 18. 

REEVE, 1844b, pl. 7, sp. 35. 

Eupleura muriciformis (Broderip), TRYON, 1880, fig. 501. 

Eupleura pectinata (Hinds), KEEN, 1971, 530, no. 1926. 

ABBOTT, 1974, 188, no. 1963. RADWIN & 

D’ATTILIO, 1976, 116-117, pl. 19, fig. 7. 

Description: ““Testa fusiform, polita, cinerea; varicibus 

obliquis, spinis acutis muricatus; anfractibus lineis trans- 

versis elevatis instructis, inter varices tri-vel quadrifariam 

tuberculatis; apertura ovali; albida; labro intus obsolete 

denticulato; labio interno laevi, producto; canali elongato, 

recto” (Hinds, 1844). 

Revised description: Shell large for genus; maximum 

shell height nearly 60 mm. Spire high with nine or ten 

whorls. Protoconch unknown. Early teleoconch whorls 

with sloped, but sharply defined shoulder and eight to ten 

axial lamellae. Later teleoconch whorls node-like with 

strongly sloped shoulder. Periphery formed by third cord 

anterior to suture. Varices aligned, two per whorl, begin- 

ning on fifth or sixth teleoconch whorl. Up to ten varices 

per shell. Three weak cords visible on spire whorls be- 

coming seven cords on last whorl. Five weaker cords pre- 

sent on upper portion of canal. Cords at varices becoming 

five to seven sharp spines extending beyond margin of 

varix. Varical spines adaperturally oriented. Shoulder 

spine formed by first primary cord below suture and 

adapically oriented. First and third spines below suture 

on varix usually weak to sub-obsolete. Second cord below 

suture forming periphery of whorl. Aperture narrowly 

ovate with six low denticles on adaxial margin of outer 

lip and a deep anal sulcus formed by a single, large den- 

ticle on posterior portion of columella. Aperture white. 

Siphonal canal restricted from body whorl, long, narrowly 

open. Shell color maroon with darker coloration over ax- 

ial nodes. 

Holotype: BMNH (Not found: Kathie Way, 1998, per- 

sonal communication). 

Type locality: “San Blas, Mexico. In seven fathoms, 

among mud.” 

Occurrence: Fossil: Age unknown (possibly Late Mio- 

cene or Early Pliocene), Arroyo Grande at Usiacuri, Dept. 

Atlantico, Colombia (UCMP loc. S-7607); Early Plio- 

cene, Jama Formation, Puerto Jama, Ecuador (fide Vokes, 

1989a); Early to middle Pleistocene, Armuelles Forma- 

tion, Neily, Costa Rica (Pacific side). Recent: San Blas, 

Mexico to Panama. 

Habitat: Offshore (8O—300 m) on mud and sand bottom. 
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Discussion: Eupleura pectinata is a distinctive species 

with its long, constricted siphonal canal, fan-shaped var- 

ices, varical spines, and the stark contrast of its solid ma- 

roon shell and white aperture. Within the last 30 years. 

all specialists working on the molluscan fauna of the east- 

ern Pacific, including specialists of the Muricidae, have 

recognized E. pectinata as a distinct taxon. 

The fully developed rachidian tooth of the radula of 

Eupleura pectinata (Figures 59-61) is also distinctive 

and lacks the sharply defined marginal denticles observed 

in other Eupleura and ocenebrine species. A single, 

sharply defined denticle is present in the nascent region 

of the rachidian (Figure 61) but disappears rapidly as the 

radular teeth become increasingly mineralized (Figure 

62). A similar phenomenon was reported for several er- 

galataxinine muricids that have more prominent denticles 

in the juvenile than the adult life history stages (Fujioka, 

1985). 

This species is taken only rarely from shrimpers’ nets 

in deep water, and few specimens are known. The type 

locality is at a depth of 14 m, although it is not known 

whether the type specimen was collected live. Three mu- 

seum lots represented by live-collected material were 

found at a depth range of 80 to 300 m. 

Vokes (1989a:116) reported a single worn fossil of Eu- 

pleura pectinata from the Early Pliocene Jama formation 

of Ecuador (ANSP 15210), although this material could 

not be found (E. Benamy [ANSP], 1998, personal com- 

munication). As of this study, two additional fossil spec- 

imens of this species are known. The younger of the two, 

from the Pleistocene Armuelles Formation of Costa Rica 

(Pacific side), is a large shell with well-developed rugae 

on the columella (Figure 56). The second specimen, from 

the early Neogene of Colombia (Atlantic side), is also 

large but lacks rugae (Figure 57). The age of this second 

shell is unknown; although there are numerous fossilif- 

erous outcrops of the Lower Tubara group very near 

where this specimen was collected on the Arroyo Grande 

in Usia Curi, Colombia that are thought to be Late Mio- 

cene to Early Pliocene in age (Jung, 1989:239-—241). 

Vokes (1989b) argued that the Early Pliocene species 

E. lehneri is ancestral to E. pectinata, although E. pectin- 

ata also share numerous morphological characters with 

the Middle to Late Miocene species Eupleura thompsoni. 

Morphologically, all three species resemble one another 

in having six, widely-spaced, finger-like spines that ex- 

tend beyond the margins of the varices, an upturned spine 

on each varix formed by the second spiral cord anterior 

to the suture, and a smooth shell surface. Traits E. pec- 

tinata shares with E. thompsoni but not E. lehneri, how- 

ever, include a bulbous body whorl, adaperturally curved 

rather than straight varical spines anterior to the shoulder 

spine, rib-like rather than web-like varices, a narrowly 

ovate aperture, node-like rather than sub-obsolete inter- 

varical axials, a more extensive parietal shield, a more 

sloped sub-sutural ramp on all spire whorls, a longer and 
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more constricted siphonal canal, and more reclined axial 

lamellae and weaker spiral cords on the earliest teleo- 

conch whorls. Although variable, the varices of E. pec- 

tinata and E. thompsoni also often have a weaker and 

shorter second spine (formed by third spiral cord) anterior 

to the suture and longer spines above and below (Figures 

58, 70). In contrast, the second spine on the varices of E. 

lehneri is often the longest and most developed (Figures 

18-20). The primary differences between E. pectinata 

and E. thompsoni are the weaker intervarical nodes, 

smaller aperture, and more aligned varices in the former 

species. 

Eupleura plicata (Reeve, 1844) 

(Figures 64—67) 

Ranella plicata REEVE, 1844a, 138. REEVE, 1844b, pl. 7, 

sp. 33. KOBELT, 1878, 139, pl. 38a, fig. 2. 

Eupleura muriciformis Broderip, TRYON, 1880, pl. 39, fig. 

504. 

Eupleura muriciformis var. curta ARNOLD, 1903, 249, pl. 

8, fig. 9; GRANT & GALE, 1931, 714. 

Description: “‘Shell oblong, somewhat Murex-shaped; 

whorls rounded, rough, longitudinally plicated, noduled 

around the middle; livid olive-colour, encircled round the 

middle with a narrow white zone; columella smooth, ca- 

nal long” (Reeve, 1844a): 

Revised description: Shell of moderate size for genus 

with most shells 30 to 35 mm. Spire whorls cylindrical, 

wide in diameter. Last teleoconch whorl flattened dorso- 

ventrally. Protoconch unknown. Teleoconch of eight 

whorls in adult specimens. Early teleoconch whorls tab- 

ulate, low, with strong axial lamellae and spiral sculpture. 

Twelve to fourteen axial elements on all whorls. On pen- 

ultimate whorl, axial elements forming two varices with 

five or more varical ribs between varices. Intervarical ax- 

ial elements on last whorl becoming elongate nodes or 

sub-obsolete. Varices low, rounded, attached to previous 

whorl at suture only. Two or three varices on shell be- 

ginning at juncture of penultimate and final whorl. Ear- 

liest varices thin, low, blade-like, and difficult to distin- 

guish from axial lamellae. Spiral sculpture on early 

whorls consisting of three strong cords of equal strength. 

Eight primary cords on body whorl. Several closely 

spaced cords on canal. Second primary cord anterior to 

suture strong on spire whorls forming periphery; same 

cord weak on last teleoconch whorl, and periphery of last 

whorl formed by third cord anterior suture. Numerous 

secondaries between primaries. Aperture broadly ovate 

with six low denticles on inside of outer lip. Siphonal 

canal not long, bent to the left, and slightly recurved. 

Shell surface scabrous. Shell color dark brown, reddish- 

brown, or white. Most shells brown with single white 

band near periphery. 
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Holotype: UMCZ 1.100.275 (J. Saul Collection), height 

34.2 mm, diameter 20.0 mm. 

Type locality: ““————?”’ (Reeve, 1844a). 

Occurrence: Fossil: Early Pliocene, Sacaco Basin, south- 

ern Peru (see below); Pleistocene, San Pedro Series of 

San Pedro, California. Recent: El Salvador to Peru. 

Habitat: Unknown. 

Discussion: The holotype of Eupleura plicata has been 

regarded as a variant of Eupleura muriciformis with more 

rounded varices (Keen, 1971) or simply a mutilated si- 

phonal canal (Dall, 1890a). Because of its extreme rarity 

and often poor preservation in museum collections, no 

radulae or protoconchs were available for study. Most 

museum specimens of this species are occupied by dead 

hermit crabs indicating that few collections of this spe- 

cies, if any, are based on live collected material. 

A series of shells studied from several collections show 

consistent differences between it and other eastern Pacific 

species. Eupleura plicata is most similar to Eupleura 

muriciformis and Eupleura triquetra in having a dark 

brown shell color and white spiral band at the shoulder 

and in lacking a columellar knob. Eupleura plicata differs 

from E. muriciformis and E. triquetra in having more 

cylindrical spire whorls, a less sloped subsutural ramp on 

the spire whorls, a more sloped subsutural ramp on the 

final teleoconch whorl, rounded rather than V-shaped var- 

ices, more reticulated spiral and axial ornamentation, a 

more scabrous shell surface, smaller size, five or six rath- 

er than three or four intervarical nodes, and a shorter and 

slightly bent siphonal canal (Figures 64-67). Eupleura 

plicata is thus recognized herein as a distinct species. 

The fossil record of Eupleura plicata is poor. Arnold 

(1903) described Eupleura muriciformis var. curta from 

the Late Pleistocene San Pedro Series of California, the 

holotype (Figure 65) of which is identical in size, shape, 

and sculpture to juvenile Eupleura plicata and is clearly 

synonymous with this species. Interestingly, the norther- 

most point in the Recent geographic range of E. plicata 

as recorded in museum collections is El] Salvador. Ar- 

nold’s Pleistocene California example implies substantial 

geographic range contraction during or since the Pleis- 

tocene. 

Recently collected specimens of what appears to be 

Eupleura plicata from the Early Pliocene Sacaco Basin 

of southern Peru were recently brought to my attention 

by T. J. DeVries (personal communication, January 

2004). The specimens, which will be described and il- 

lustrated elsewhere (DeVries, submitted), are approxi- 

mately 10 mm smaller than typical mature E. plicata 

and have three rather than five or six intervarical ribs. 

Other morphological features, however, including the 

low, rounded varices, complex spiral sculpture, and 

general shell shape, appear to conform to the general 

description of E. plicata. Because similar variation in 
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Figures 64-67. Eupleura plicata (Reeve, 1844). Figure 64. UMCZ 1.100.275, J. Saul Collection (Holotype); locality: unknown (fide 

Reeve, 1844a); height 34.2 mm, diameter 20.0 mm. Figure 65. USNM 162559 (Holotype of Eupleura muriciformis var. curta Arnold, 

1903); locality: San Pedro, California; Pleistocene, Upper San Pedro Series; height 15.0 mm, diameter 10.0 mm. Figure 66. ANSP 

115981; locality: Archipelago de las Perlas, Panama; scanning electron micrograph of the early teleoconch whorls (scale bar = 200 

wm). Figure 67. UF 267562; locality: Archipelago de las Perlas, Panama; height 35.5 mm, diameter 21.0 mm. 

intervarical number and size occurs within other spe- Eupleura prenitida Vokes, 1989 
cies of Eupleura, such as Eupleura muriciformis, 1 ten- ; e 

' a Ls %s ne O omni 

tatively regard the Peruvian fossils as conspecific with (Figure 52) 

E. plicata pending further study. Regardless, these Pe- 

ruvian shells and the modern E. plicata are clearly end 

members of a single lineage. Description: “Shell small, seven teleoconch whorls in 

Eupleura prenitida VOKES, 1989b, 119, pl. 1, figs. 1-4. 
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adult; protoconch unknown. Spiral ornamentation on ear- 

liest teleoconch whorls of two cords, a third partially cov- 

ered by suture. Gradually secondary threads intercalated, 

until body whorl has approximately ten major cords, best 

seen on abapertural sides of varices, with between each 

pair, three to five secondary threads; another six faint 

threads on siphonal canal. Axial ornamentation on earliest 

teleoconch whorls of approximately 12 lamellae, dimin- 

ishing in number and becoming more like axial ridges 

until about fifth teleoconch whorl two develop into vari- 

ces, two per whorl, with three strong intervarical nodes 

between each pair. Varices not well-aligned on opposite 

sides of the shell, a marked offset between varices on 

succeeding whorls of as much as 30 degrees. Varices 

scalloped by extensions of the spiral cords, forming short 

spines, that at the shoulder are directed adapically. Ap- 

ertural face of the varices consisting of multiple laminae 

enfolded into grooves formed by the spiral cords, giving 

a lacinated appearance to the varical face. Shell surface 

between the varices also marked by numerous axial 

growth lines that cause shell material to be drawn out 

adaperturally where the spiral threads are crossed, giving 

the entire shell surface a lacinated appearance. Aperture 

elongate-oval; inner lip adnate, with numerous faint rugae 

reflecting the underlying spiral cords; margin of outer lip 

reflected abaperturally, crenulated by grooves of spiral 

cords; inner side with six strong denticles located be- 

tween the spiral cords. Siphonal canal moderately long, 

straight, almost closed over but open by a narrow slit”’ 

(Vokes, 1989b). 

Holotype: USNM 445390, height 31.1 mm, diameter 

17.7 mm. 

Type locality: TU 958, Gatun Formation, hill-slope on 

east side of road from Boyd-Roosevelt Highway to Re- 

fineria Panama, S. A., about 0.5 km north of junction, 

just east of Cativa, Province of Col6n, Panama. 

Occurrence: Late Miocene, Lower Gatun Formation, At- 

lantic Panama. 

Discussion: According to Jonathan Todd (2002, personal 

communication), Eupleura prenitida is confined to the 

Lower Gatun Formation of Panama, which represents a 

“‘very shallow water’ facies, and is replaced higher in 

the Lower and Middle Gatun by deeper water elements, 

including Eupleura thompsoni. The fact that E. prenitida 

most closely resembles the modern intertidal species Eu- 

pleura nitida, and E. thompsoni most closely resembles 

the modern deepwater species Eupleura pectinata is con- 

sistent with ecological restriction across an onshore-off- 

shore sequence rather than chronological restriction. 

Vokes (1989b) considered Eupleura prenitida to be an 

evolutionary intermediate between Eupleura kugleri and 

Eupleura nitida based on the scabrous shell surface 

shared by E. prenitida and E. nitida (Figure 50). Al- 

though E. prenitida closely resembles both species in 

overall shape, size, and sculpture, E. prenitida differs 

from E. kugleri and E. nitida in having three rather than 

four or five intervarical axial elements, axial elements 

forming small rounded nodes rather than elongate ribs 

between the varices, a longer siphonal canal, unaligned 

rather than aligned varices on the spire, and a more 

rounded than V-shaped outline of the varix. The scabrous 

shell surface texture may actually be a byproduct of 

growth in an intertidal habitat in which small increments 

are deposited daily during periodic submersion. Deep wa- 

ter species of Eupleura, such as Eupleura pectinata and 

Eupleura vokesorum, sp. nov. have completely smooth 

shells. 

Eupleura thompsoni Woodring, 1959 

(Figures 68—72) 

Eupleura thompsoni WOODRING, 1959, 218-219, pl. 36, 

figs. 6-9. 

Eupleura thompsoni Woodring, VOKES, 1989b, 119, pl. 1, 

figs. 6-8. 

Description: ‘Relatively large, stongly inflated, distinct- 

ly but not strongly shouldered. Protoconch blunt-tipped, 

2%-whorled, smoothly tapering; a narrow spiral thread at 

anterior suture on last 142 whorls. First post-protoconch 

whorl sculptured with narrow axial lamellae—the first 

strongly arcuate, the others moderately arcuate—and two 

low spiral cords. Lamellae slightly overlapping last pro- 

toconch whorl. Lamellae gradually widening, but remain- 

ing as sharp-edged lamellae up to first varix, which ap- 

pears on penult or preceding whorl of mature shells. Two 

varices to a whorl, almost directly opposite each other, 

but each one later than corresponding varix on preceding 

whorl. Original lamellae transformed between varices 

into low swollen ribs, not reaching posterior suture and 

on body whorl disappearing below periphery. Three or 

four ribs between varices, generally three, and invariably 

three between last two varices of mature shells. A rib 

between early varices rarely has a lamellar edge of outer 

shell material. Body whorl of mature shells sculptured 

with seven main spiral cords, the posteriormost faint be- 

tween last two varices, and as many as five somewhat 

narrower spiral threads on pillar, fading out anteriorly. 

Posteriormost spiral cord forming short spine on outer lip; 

others forming blunt spines or projections; spines gener- 

ally more or less broken. Interior of outer lip bearing six 

strong denticles well within aperture. Siphonal canal 

moderately long, narrow, slightly bent backward; tip bro- 

ken. Next to last varix forming low lamella on siphonal 

fasciole’’ (Woodring, 1959). 

Holotype: USNM 562587, height 45.7 mm, 29.5 mm. 

Type locality: Gatun Formation, north side of Transisth- 

mian (Boyd-Roosevelt) Highway, knoll about 30 m north 

of highway, 1.2 km northwest of Sabanitas, Province of 

Colon, Panama (= Woodring locality 136A). 
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Figures 68-72. Eupleura thompsoni Woodring, 1959. Figure 68. USNM 445395; locality: hill-slope on east side of road from Boyd- 

Roosevelt Highway to Refinerfa Panama, S. A., about 0.5 km north of junction, just east of Cativa, Prov. of Colon, Panama: Late 

Miocene, Gatun Formation (= TU 958); height 34.6 mm, diameter 21.0 mm (Photographs courtesy of E. Vokes). Figure 69. CAS 

60191; northwest of Sabanita, Prov. of Colon, Panama; Late Miocene, Gatun Formation; height 37.7 mm (incomplete); diameter 26.5 

mm. Figure 70. USNM 445394; locality: same as for Figure 68; height 27.6 mm, diameter 16.9 mm (Photographs courtesy of E. Vokes). 

Figure 71. UF 91995; locality: Todos Santos, Baja California, Mexico; Late Miocene, Salada Formation (= USGS M 9037): height 

17.1; diameter 12.9. Figure 72. NMB H 18153; locality: Prov. of Colon, Panama; Late Miocene, Gatun Formation; scanning electron 

micrograph of protoconch and early teleoconch whorls (Scale bar = 200 pm). 

Occurrence: Middle Miocene, Salada Formation, Baja 

California Sur, Mexico; Late Miocene, Lower (?), Mid- 

dle, and Upper Gatun Formation, Panama; unnamed Late 

Miocene deposits of Atlantic Colombia and Venezuela. 

Discussion: Although previously reported only from Late 

Miocene deposits in Panama and Colombia, Eupleura 

thompsoni first occurs 1n the Middle Miocene Salada For- 

mation near Todos Santos on the Pacific side of Baja Cal- 

ifornia Sur, Mexico (USGS loc. M9037). J. T. Smith 

(1991) noted that the Salada Formation contains many 

deep water and openly neritic mollusks with Caribbean 

affinities, and the remarkable similarity of this species to 

the modern Eupleura pectinata, which lives at depths 

from 80 to 300 m, is consistent with these observations. 
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Another new locality for this species is an unnamed Late 

Miocene deposit in Venezuela (UCMP S-8338). 

Eupleura triquetra (Reeve, 1844) 

(Figures 73—82) 

Ranella muriciformis Broderip var., SOWERBY, G.B. JR., 

1841, pl. 88, fig. ““11*.” 

Ranella triquetra REEVE, 1844b, pl. 7, sp. 41. REEVE, 

1844a, 139. 

Eupleura muriciformis (Broderip), TRYON, 1880, 158, pl. 

39 fig. 505. 

Eupleura muriciformis var. pleistocenensis ARNOLD, 1903, 

248-249, pl. 9, fig. 16. 

Eupleura muriciformis var. unispinosa DALL, 1890a, 146. 

Eupleura (var?) unispinosa DALL, 1891, 174, pl. 6, fig. 5. 

Eupleura triquetra (Reeve), RADWIN & D’ATTILIO, 

NSO, WA, a MOS ress le 

VOKES, 1984, pl. 2, fig. 21. HERBERT, 2002, 15-16, figs. 

1-2. 

Description: “Shell elongately Murex-shaped, varices 

pointed at the upper part; whorls angulated, tubercled at 

the angle, smooth above, obsoletely ridged beneath; livid 

olive-colour; columella smooth; canal rather long; aper- 

ture small; lip scarcely denticulated”’ (Reeve, 1844a). 

Revised description: Shell fusiform, large for genus. Av- 

erage shell height approaching 40 mm, maximum shell 

height near 60 mm. Protoconch of 1.5 whorls. Teleoconch 

with eight or nine whorls. Early teleoconch whorls tab- 

ulate with 12—14 axial lamellae and strong spiral sculp- 

ture. Final whorl with eight axial elements, including two 

varices and three intervarical nodes. Intervarical nodes 

prominent, horizontal. Spiral sculpture on early whorls 

consisting of two to three strong spiral cords of even 

strength. Spiral sculpture on later whorls weak to sub- 

obsolete. Secondaries sometimes present. Spire height 

and slope of sub-sutural ramp variable. Most whorls 

sloped and with periphery formed by third cord anterior 

to suture. Up to six varices on shell. Varices offset, mod- 

erately expanded, thickened. Shoulder cord at varix form- 

ing adapically recurved spine. Remaining cords on varix 

ending flush with margin of varix but also recurved. Ap- 

erture broadly ovate, porcellaenous white. Apertural den- 

ticles low, six in number; stronger in juveniles. Shell sur- 

face usually chalky due to thick, grey intriticalx. Worn 

shells showing brown or dark purple base color and spiral 

banding of white, or white with brown spiral bands. Si- 

phonal canal long, gently recurved, and narrowly open. 

Inside of canal brown to purple in color. Spire usually 

heavily eroded. 

Lectotype (here designated): BMNH Reg. No. 1967661/ 

2 (H. Cuming Collection), height 46.9 mm, diameter 24.8 

mm. 

Paralectotype A: BMNH Reg. No. 1967661/1 (H. Cum- 

ing Collection), height 47.0 mm, diameter 25.2 mm. 

Pagers 

Paralectotype B: BMNH Reg. No. 1967661/3 (H. Cum- 

ing Collection), height 45.3 mm, diameter 23.9 mm. 

Type locality: ““San Diego, California” (probably an er- 

ror). 

Occurrence: Fossil: Late Pleistocene deposits, San Pedro 

and San Diego, California and Baja California, Mexico. 

Recent: Cabo San Lucas, Baja California Sur, Mexico and 

entire Gulf of California except in vicinity of San Felipe 

and El Golfo de Santa Clara, Mexico. 

Habitat: Intertidal to 5 m on mud. 

Discussion: This species is highly variable in size, color 

and banding patterns, and spire morphology. Mature 

specimens can range from 35 to more than 60 mm in 

height; the color of the shell can be dark brown or purple 

with wide, white bands below the shoulder, or white with 

a purplish hue and with wide bands of light brown; some 

specimens are solid orange; many, however, have a thick, 

scabrous intriticalx and appear light grey in color; the 

spire may be tabulate with axial lamellae and strong spiral 

ornamentation, or it may have a strongly sloped shoulder 

with axial nodes and obsolete spiral ornamentation. The 

early teleoconch whorls are usually heavily eroded; when 

present, the early whorls of the spire are dark purple in 

color. Varices on the spire are offset by up to 40 degrees 

from varices on subsequent whorls, and varices on the 

last teleoconch whorl are separated from one another by 

up to 230 degrees, which is greater than in any other 

species of Eupleura. Also unique to Eupleura triquetra 

is the occurrence of three secondary cords between the 

suture and the shoulder of the body whorl (Figure 80); 

other species of Eupleura have only one. The morphol- 

ogy of the radula of E. triquetra (Figures 75—77) is unlike 

any other species in the genus and appears to be a highly 

derived form (see previous discussion under Eupleura li- 

mata). 

A lectotype for Eupleura triquetra is designated here 

to clarify the identity of this species, which has been con- 

fused in the literature with Eupleura limata, Eupleura 

muriciformis, and Eupleura vokesorum, sp. nov. The lec- 

totype selected is one of three shells in the type lot in the 

BMNH and is the shell originally figured by Reeve and 

Tryon. The lectotype (Figure 74) is easily distinguished 

from the other syntypes in shell dimensions, which are 

given above, as well as in having an incomplete lip and 

a darker shell. Paralectotype A is also figured (Figure 73). 

The egg capsules of Eupleura triquetra, described and 

illustrated elsewhere (Herbert, 2002), share the general 

characters of the Ocenebrinae as outlined by D’Asaro 

(1991). However, they lack the lateral projection that re- 

sembles a secondary mucoid plug in the subtropical and 

temperate western Atlantic species of Eupleura. Further- 

more, the E. triquetra capsules are more rounded in shape 

than those of the western Atlantic species, which are gen- 

erally triangular, and more closely resemble those of the 
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ocenebrine muricid Pteropurpura festiva (Hinds, 1844) 

figured by D’Asaro (1991). Communal egg masses, con- 

sisting of several hundred capsules laid by multiple fe- 

males, occur in E. triquetra, but this strategy is not pre- 

sent in the western Atlantic species of Eupleura, which 

do not spawn communally and rarely produce egg masses 

larger than ten to 20 capsules (MacKenzie, 1961; Herbert, 

personal observation). 

In Cholla Bay and Estero Morta near Puerto Penasco, 

Sonora, Mexico, Eupleura triquetra is common but 

patchily distributed. In Cholla Bay, the animals may be 

found at low tide buried in sand with only the tip of the 

siphonal canal showing. Many were feeding while buried. 

Prey encountered included the gastropod Cerithium 

(Thericium) stercusmuscarum Valenciennes, 1833, and 

the bivalve Chione undatella (Sowerby, 1835). Both were 

attacked by drilling. In Estero Morta, E. triquetra was 

encountered on intertidally exposed oyster reefs, where it 

was observed drilling the oyster Saccostrea palmula Car- 

penter, 1857, and on the adjacent intertidal mudflats, 

where it was observed drilling C. stercusmuscarum and 

an unidentified barnacle attached to these ceriths. In the 

lab, E. triquetra feeds readily on the bivalves Chione un- 

datella from its native habitat and Protothaca staminea 

(Conrad) collected from San Francisco Bay. However, its 

preferred prey are barnacles. 

Radwin & Hemingway (1976) reported this species 

from the Recent of Todos Santos Bay, on the outer coast 

of Baja California near the California-Mexico border. 

This occurrence is anomalous since Eupleura triquetra 

does not occur anywhere between this point and the 

southern tip of Baja California, Mexico near Cabo San 

Lucas. Radwin and Hemingway suggested that this spe- 

cies may have been introduced with oysters, although this 

remains unsubstantiated. Interestingly, the type lot from 

the H. Cuming collection is said to be from “‘San Diego,” 

which is farther north than the Radwin and Hemingway 

material but was collected prior to the introduction of 

oysters. I have found no other records of this species from 

this area in the hundreds of lots I examined, and the Cum- 

ing record is most likely an error. Eupleura triquetra has 

also been reported as far south as Panama (Radwin & 

D’ Attilio, 1976:117), but in all the collections examined, 

I found only a single lot from Panama and no represen- 

tative localities between Topolobampo in central Mexico 

and the Panama locality. The Panama locality is, there- 
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fore, also probably an error. This species’ present range 

is probably restricted to the Gulf of California, the Cortez 

Province of Reid (2002), and along the outer coast of 

Baja California only as far north as Cabo San Lucas. 

The Pleistocene fossil taxon Eupleura muriciformis 

var. pleistocenensis Arnold, 1903, is referrable to Eupleu- 

ra triquetra as are nearly all of the Pleistocene Eupleura 

fossils from southern California and Baja California, 

Mexico. Fossil Eupleura reported in the literature as Eu- 

pleura muriciformis from Pleistocene deposits of San Di- 

ego (Hertlein & Grant, 1944) and Newport Bay, Califor- 

nia (Kanakoff & Emerson, 1959) and Turtle Bay, Baja 

California Sur (Chace, 1956; Emerson, 1980) were de- 

termined to be E. triquetra after study of the large Pleis- 

tocene collections from this region in the LACMIP and 

UCMP collections. 

Other aspects of this species are discussed above under 

Eupleura limata and Eupleura muriciformis. 

Eupleura vokesorum Herbert, sp. nov. 

(Figures 83-89) 

Eupleura muriciformis (Broderip), DALL, 1890a, 145. 

DALL, 1890b, 174, pl. 5, fig. 2. SMITH, M. 1944, 25, 

fig. 307. ABBOTT, 1974, 188, fig. 1961. KEEN, 1971, 
530, no. 1024. RADWIN & D’ATTILIO, 1976, 115- 

116, pl. 19, fig. 5. VOKES, 1984, pl. 2, fig. 19. 

Diagnosis: As for Eupleura muriciformis, but with three 

rather than four intervarical nodes, smooth rather than 

crispate shell surface, less adapically directed shoulder 

spines, smaller aperture, higher spire, more sharply de- 

fined shoulder and fewer axial lamellae on early teleo- 

conch whorls, weaker spiral ornamentation on adapical 

portion of the body whorl, and solid maroon shell color 

rather than banded white and brown. 

Description: Shell large for genus; trigonal in shape. 

Maximum height to approximately 50 mm but averaging 

around 30—40 mm. Teleoconch with eight or nine whorls; 

protoconch of 2.5 rounded, glossy whorls. Spire high, 

with narrow, scalariform early teleoconch whorls; later 

whorls becoming more sloped. First teleoconch whorl 

tabulate with no spiral sculpture; subsequent early whorls 

have one cord forming well-defined shoulder. Later teleo- 

conch whorls with one sub-obsolete cord between suture 

and shoulder, six sub-obsolete to moderate cords widely 

Figures 73-78. Eupleura triquetra (Reeve, 1844). Figure 73. BMNH Reg. No. 1967661/1, H. Cuming Collection 

(Paralectotype A); locality: “‘San Diego, California’ (probably an error, see text); height 47.0 mm, diameter 25.2 

mm. Figure 74. BMNH Reg. No. 1967661/2, H. Cuming Collection (Lectotype); locality: same as Figure 73; height 

46.9 mm, 24.8 mm. Figures 75-77. LACM 34123; locality: El Coyote Bay, Mexico; scanning electron micrographs 

of the radula (scale bar = 100 ppm in Figures 75, 76; scale bar = 10 pm in Figure 77). Figure 78. LACM 59-7; 

locality: Empalme, Sonora, Mexico; scanning electron micrograph of the protoconch and early teleoconch whorls 

(scale bar = 200 j1m; arrow points to protoconch/teleoconch transition). 
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Figures 79-82. Eupleura triquetra (Reeve, 1844). Figure 79. LACMIP 7163; locality: Newport Beach, California: Late Pleistocene, 

Palos Verdes Sand; height 32.2 mm, diameter 16.9 mm. Figure 80. Scanning electron micrograph of the spiral sculpture within the 

subsutural ramp (Scale bar = 1 mm). Figure 81. LACM 71-29; locality: intertidal, La Paz, Baja California, Mexico; height 42.7 mm, 

diameter 21.0 mm. Figure 82. USNM 2636 (Holotype of Eupleura muriciformis var. unispinosa Dall, 1890); locality: Mazatlan, Gulf 

of California, Mexico; height 36.2 mm, diameter 18.0 mm. 

spaced on body whorl and four closely spaced cords on 

upper portion of canal. Periphery of whorl formed by 

third cord anterior to suture on late teleoconch whorls. 

Cords at varix form sharp spines that extend beyond varix 

margin. Shoulder spine elongate, straight, with abapical 

orientation; body spines shorter, sharply and abaperturally 

recurved. Axial ornamentation on early whorls consisting 

of eight to ten axial lamellae. Two varices on later whorls 

separated by three prominent nodes. Four to six varices 

present on shell; first varix forms on fifth or sixth whorl. 

Varices offset slightly from previous whorl. Varices 

bladelike, expanded. Aperture ovate, small, with six weak 

denticles on outer lip; lowermost two denticles occasion- 

ally fused. Two very weak denticles across top of aper- 
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ture, columellar lip smooth, and one cord-like denticle on 

the posterior portion of columellar wall formed by fifth 

cord from suture on underlying whorl. Siphonal canal 

long, straight to slightly recurved, and narrowly open. 

Shell color solid maroon. 

Holotype: UCMP 198998, Guaymas, Mexico, height 

39.8 mm, diameter 25.7 mm. 

Paratype A: USNM 519551, Pliocene, Costa Rica, 

height 22.4 mm (incomplete), diameter 15.3 mm. 

Paratype B: UCMP 198999, Guaymas, Mexico, height 

40.6 mm, diameter 31.9 mm. 

Type locality: Recent, Guaymas, Mexico. 

Etymology: This species is named for Emily and the late 

Harold Vokes in honor of their contributions to the sys- 

tematics of western Atlantic mollusks. 

Occurrence: Fossil: Pliocene, Vaca Formation, Puntar- 

ena Province, Costa Rica. Early Pliocene, Jama Forma- 

tion, Ecuador (see below). Late Pliocene, Canoa Forma- 

tion, Ecuador (see below). Recent: San Felipe, Mexico to 

Punta Aji, Colombia. 

Habitat: Offshore (20 to 200 m) on mud and sand bot- 

tom. 

Discussion: Eupleura vokesorum, sp. nov. is a common 

species in the museum collections examined, although it 

has been identified until now as the less common Eu- 

pleura muriciformis. In addition to major differences in 

depth of habitat, opercular shape, and radulae, the two 

species are easily separable on the basis of shell features 

alone. These are discussed in detail above under E. mur- 

iciformis. Affinities to fossil species are also discussed 

under Eupleura olssoni. 

The only confirmed fossil occurrence for this new spe- 

cies is based on two shells from Pliocene deposits from 

the Puntarena Province of Costa Rica (Figure 84). Ad- 

ditional Pliocene material from the Punta Jama and Punta 

Canoa formations of Ecuador (ANSP 15210), identified 

as Eupleura muriciformis by Vokes (1989a:116, foot- 

note), is probably Eupleura vokesorum, sp. nov. based on 

my understanding of Vokes’ concept of E. muriciformis, 

which was illustrated in Vokes (1984) and exemplified in 

her private collection (personal observation). Unfortu- 

nately, the ANSP lot could not be found (E. Benamy, 

1998, personal communication). 

DISCUSSION 

This study of the fossil and Recent Eupleura of tropical 

America revises the stratigraphic and/or geographic rang- 

es of eight species, resurrects two species from previous 

synonymy, and describes four new species. As a result, 

the Pliocene diversity of Eupleura species in the tropical 

western Atlantic is increased fivefold, the Recent diver- 
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sity of the group in the tropical eastern Pacific is nearly 

doubled, and several of these living eastern Pacific spe- 

cies are shown to have an extensive and previously un- 

documented fossil record that includes early Caribbean 

occurrences. While these additions substantially improve 

our understanding of the history of this genus, their great- 

er impact for understanding the history of the tropical 

American biota as a whole can only be fully appreciated 

as basic taxonomic monographs on additional groups are 

completed and the species-level database for the region 

is updated. 

Faunal Exchanges between the Atlantic and 

Pacific Oceans 

These revised data on species occurrences through time 

and space shed light on biogeographic patterns of inva- 

sion and speciation for Eupleura. Five of the seven living 

tropical eastern Pacific species are geologically old (>4 

Ma), and at least three of these four occur first in the 

fossil record of the tropical western Atlantic prior to en- 

tering the tropical eastern Pacific. Final closure of the 

Panamanian Seaway is thought to have occurred some- 

time between 3.5 and 3.1 Ma (Keigwin, 1982; Duque- 

Caro, 1990), although several studies have suggested that 

closure was intermittent throughout the Pliocene (Coates 

et al., 1992; Collins et al., 1996; Cronin and Dowsett, 

1996), and that faunal exchange still occurred as late as 

the Early Pleistocene (1.8 to 0.7 Ma) during interglacial 

periods of elevated sea-level (Beu, 2001). The fossil re- 

cord of Eupleura in tropical America is consistent with 

these observations. 

Faunal exchanges between the Atlantic and Pacific for 

Eupleura occurred intermittently from the Miocene 

through perhaps the earliest Pleistocene. The progenitor 

of the genus, Eupleura kugleri from the Early Miocene 

(23.8 to 16.4 Ma) of the southern Caribbean, was fol- 

lowed in the Middle to Late Miocene (16.4 to 5.32 Ma) 

with records of the genus from both sides of the Isthmus. 

Eupleura thompsoni, which occurred only in the eastern 

Pacific during the Middle Miocene, occurred on both 

sides of the Isthmus by the Late Miocene. Eupleura pec- 

tinata occurred on both sides of the Isthmus in the Plio- 

cene (5.3 to 1.8 Ma) but became restricted to the eastern 

Pacific after the Pliocene. New fossil records of the mod- 

ern eastern Pacific species Eupleura muriciformis show 

that this species occurred in the tropical western Atlantic 

from the Middle Miocene to the Late Pliocene and in the 

tropical eastern Pacific from the Late Pliocene onwards. 

The most recent evidence of a faunal connection between 

the Atlantic and Pacific Eupleura faunas is Eupleura ni- 

tida, which is known from fossil deposits of Early to mid- 

dle Pliocene (5.3 to 2.6 Ma) age in the tropical western 

Atlantic and in the Early to Middle Pleistocene (1.8 to 

0.1 Ma) of the tropical eastern Pacific. 
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Pliocene Mass Extinction in the Tropical Western 

Atlantic 

Marine communities of the western Atlantic region ex- 

perienced a regional mass extinction event in the Plio- 

cene, with losses of roughly 70% of species living in that 

time and restrictions of many surviving lineages to ex- 

tinction refuges in the southern Caribbean and eastern 

Pacific (Petuch, 1981, 1982, 1995; Vermeij and Petuch, 

1986; Allmon et al., 1996b; Jackson, 1993, 1996; Roop- 

narine, 1996). Analyses of the timing and patterns of ex- 

tinction are continuing but point decidedly towards a Pli- 

ocene reduction in nutrient levels and collapse of com- 

munities dependent upon planktonic production as a pri- 

mary cause of the extinctions (Allmon et al., 1996a). The 

existence of upwelling conditions where Pliocene relicts 

survive to this day (Petuch, 1982) and a shift from eutro- 

phic to oligotrophic micro- and nannofossil communities 

throughout the Caribbean in the Pliocene (McDougall, 

1996; Bornmalm et al., 1999; Kameo, 2002) are consis- 

tent with these observations. 

The ecology of Eupleura species suggests an inherent 

susceptibility to such an event. Although its species do 

not have planktotrophic larvae, members of this genus 

are carnivorous and feed predominantly on suspension- 

and filter-feeding organisms, such as barnacles and _ bi- 

valves (MacKenzie, 1961; Radwin and Wells, 1968; Her- 

bert, this paper). 

The diversity of the genus Eupleura in the Caribbean 

collapsed from a high of five species in the Late Miocene 

through the Early Pliocene to only one or two species in 

the Late Pliocene. A second extinction in the Caribbean 

resulted in the loss of any remaining surviving lineages 

of Eupleura at the end of the Late Pliocene. Extirpation 

of the genus from the Caribbean was, thus, stepwise and 

complete. Three of the five Early Pliocene Caribbean spe- 

cies, however, survive today in the eastern Pacific, sug- 

gesting that broad geographic range and fortuitous oc- 

currence of populations in the eastern Pacific permitted 

some lineages to survive. 

Post-Pliocene Diversification in the Eastern Pacific 

Two of the seven living eastern Pacific species of Eu- 

pleura, Eupleura limata and Eupleura triquetra, are geo- 

logically young (Pleistocene to Recent or Recent only) 
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relative to other members of this genus in the eastern 

Pacific. Interestingly, both are restricted to the Gulf of 

California today, and one (E. triguetra) first occurs as a 

Pleistocene fossil in this region. In contrast, all five of 

the geologically older eastern Pacific taxa (the Middle 

Miocene to Recent Eupleura muriciformis, the Early Pli- 

ocene to Recent Eupleura nitida, the Late Miocene or 

Early Pliocene to Recent Eupleura pectinata, the Early 

Pliocene? to Recent E. plicata, and the Early Pliocene to 

Recent Eupleura vokesorum) are restricted to the region 

from southern Mexico to Peru or extend well into this 

area. Thus, most of the Pleistocene and recent diversifi- 

cation of the genus in the eastern Pacific has been re- 

stricted to the Gulf of California rather than being evenly 

distributed throughout the geographic range of the genus. 

One possible factor that may explain this difference in 

speciation potential is depth of habitat. Neither of the 

geologically younger species has been found living in wa- 

ters deeper than 15 m, whereas many of the geologically 

older species regularly occur in water deeper than 25 m. 

One of these, E. pectinata, has been collected at depths 

of 300 m. Reid (2002) noted that some speciation in the 

Littorinidae of the eastern Pacific has been associated 

with the formation of gaps in suitable rocky coast and 

mangrove habitats. Pleistocene climate change, which al- 

tered drainage patterns along the west coast of the Amer- 

icas (Dalrymple & Hamblin, 1998; Guerro et al., 1999) 

and therefore local salinities and substrates in coastal ar- 

eas, is one mechanism that may explain the differential 

speciation potentials of shallow water and deep water 

species. Additional tests comparing divergence times in 

closely related shallow and deeper water taxa are needed. 
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Figures 83-89. Eupleura vokesorum Herbert, sp. nov. Figure 83. UCMP 198999 (Paratype B): locality: Guaymas, 

Mexico; height 40.6 mm, diameter 31.9 mm. Figure 84. USNM 519551 (Paratype A); locality: Stream courses, 

including Rio Vaca, near eastern part of trail, from Progresso (in Panama near Costa Rican border) to Lagarto (on 

Golfo Dulce), Puntarena Province, Costa Rica; Early Pliocene, Vaca Formation (= USGS reg. no. 24792): height: 

22.4 mm (incomplete), diameter 15.3 mm. Figure 85. UCMP 198998 (Holotype); locality: Guaymas, Mexico; height 

39.8 mm, diameter 25.7 mm. Figures 86-88. LACM 111193: locality: Chamela Bay, Jalisco, Mexico; scanning 

electron micrographs of the radula (scale bar = 10 pm in Figures 86-88). Figure 89. Herbert collection: Guaymas, 

Mexico; scanning electron micrograph of the protoconch and early teleoconch whorls (scale bar = 200 wm). 
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should “show, not tell”; e.g., not “lengths were recorded” 
but “lengths ranged from 5.0 mm to 7.5 mm.” 

Literature cited 

References in the text should be given by the name of 

the author(s) followed by the date of publication: for one 

author (Phillips, 1981), for two authors (Phillips & Smith, 
1982), and for more than two (Phillips et al., 1983). 

The Literature Cited section should include all (and 

only) references cited in the text, listed in alphabetical order 
by author. No citation is needed when author and date are 
given only as authority for a taxonomic name. Each cita- 
tion must be complete, with all journal titles unabbreviat- 
ed, and in the following forms: 

a) Periodicals: 

Hickman, C. S. 1992. Reproduction and development of 

trochacean gastropods. The Veliger 35:245-272. 

b) Books: 

Bequaert, J. C. & W. B. Miller. 1973. The Mollusks of 
the Arid Southwest. University of Arizona Press: Tuc- 
son. xvi + 271 pp. 

c) Composite works: 

Feder, H. M. 1980. Asteroidea: the sea stars. Pp. 117-135 
in R. H. Morris, D. P. Abbott & E. C. Haderlie (eds.), 

Intertidal Invertebrates of California. Stanford Univer- 
sity Press: Stanford, Calif. 

Tables 
Tables must be numbered and each typed on a separate 

sheet. Each table should be headed by a brief legend. Avoid 
vertical rules. 

Figures and plates 

Figures must be carefully prepared and submitted ready 
for publication. Each should have a short legend, listed on 
a sheet following the literature cited. Text figures should be 
in black ink and completely lettered. Keep in mind page 
format and column size when designing figures. Photo- 

graphs for halftone reproduction must be of good quality, 
trimmed squarely, grouped as appropriate, and mounted on 
suitably heavy board. Where appropriate, a scale bar may 
be used in the photograph; otherwise, the specimen size 
should be given in the figure legend. Photographs should 

be submitted in the desired final size. 
Clear xerographic copies of figures are suitable for re- 

viewers’ copies of submitted manuscripts. It is the author's 

responsibility to ensure that lettering will be legible after 

any necessary reduction and that lettering size is appropriate 
to the figure. 

Use one consecutive set of Arabic numbers for all illus- 
trations (that is, Figures 1, 2, 3..., mot Figure la, 1b, Ic..., 

nor Plate li figs le): 

Processing of manuscripts 
Each manuscript is critically evaluated by at least two 

reviewers. From these evaluations the editor makes a pre- 

liminary decision of acceptance or rejection. The editor's 
decision and the reviewers’ comments are sent to the cor- 
responding author for consideration and further action. 

Unless requested, only one copy of the final, revised man- 
uscript needs to be returned to the editor. The author is 
informed of the final decision and acceptable manuscripts 

are forwarded to the printer. The author will receive proofs 

from the printer. One set of corrected proofs should be 
returned promptly to the editor after review. Changes other 
than the correction of printing errors will be charged to the 

author at cost. 

An order form for the purchase of reprints will accom- 
pany proofs. Reprints are ordered directly from the printer. 

Common errors of presentation 

The following errors of presentation or interpretation are 

so common (particularly in taxonomic manuscripts) that they 
are worth pointing out here. Attention to these points will 

increase a manuscript’ chances of acceptance: 

Do not confuse raw similarity (observational, objective) 

with phylogenetic relationship (inferential, interpretive). The 

term “affinity” should not be used when “similarity” or “phy- 
logenetic relationship” is meant. Avoid using “close” as an 
adjective denoting resemblance. 

A two-taxon statement, e.g., “[Taxon A] is closely relat- 
ed to [Taxon B]”, is meaningless. The minimal form of such 

statement with any significance is [Taxon A] and [Taxon B] 

are more closely related to each other than either is to [Taxon 
Glsr 

Do not refer to taxa as “advanced” (or “apomorphic”) or 

“primitive” (or “plesiomorphic”). Apomorphy and plesiomor- 
phy are attributes of character-states, not of taxa (which are 

generally mosaics of apomorphies and plesiomorphies; cf. 
de Queiroz, K. 1988, Philosophy of Science 55:238-259; 
O’Hara, R. J. 1992, Biology & Philosophy 7:135-160). 

The formula “Xus (=Yus)” to designate synonymy is 
ambiguous; it is not clear whether the writer accepts Xus 

or Yus as the valid name. In the former case, write “Xus 
(synonym: Yus)” and in the latter write “Xws (correctly known 

as Yus)”; or avoid the construction altogether. 

Authors’ contributions 

There are no mandatory page costs to authors lacking 

financial support. Authors with institutional, grant, or other 
research support will be billed for page charges at the rate 

of $50 per printed page (2.5 double-spaced manuscript pages 

normally equal one printed page). Authors who must pay 

from their personal funds will be billed at $20 per page. 

This request is made only after the publication of a paper; 
these contributions are unrelated to the acceptance or rejec- 
tion of a manuscript, which is entirely on the basis of merit. 

Because these contributions by individual authors are vol- 

untary, they may be considered by authors as tax-deductible 
donations to the California Malacozoological Society, Inc., 
to the extent allowed by law. Authors for whom even the 

$20 per page contribution would present a financial hard- 

ship should explain this in a letter to the editor. The edi- 
torial board will consider this an application for a grant to 

cover the publication costs. Authors whose manuscripts 

include very large tables of numbers or extensive lists of 

(e.g.) locality data should contact the editor regarding pos- 
sible electronic archiving of this part of their paper rather 

than hard-copy publication. 

Submitting manuscripts 

Send manuscripts, proofs, books for review, and corre- 

spondence on editorial matters to Carol M. Tang, Editor, 
875 Howard Street, San Francisco, CA 94103, USA. 
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